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ABSTRACT

Unconventional oil reservoirs have become significant sources of petroleum
production and have even better potential in the future. Many unconventional oil systems
consist of nanoscale pore throats, sub-micro-scale pores and micro-scale fractures that are
significantly smaller than those from conventional reservoirs. To understand fluid flow
behavior in unconventional reservoir, lab approaches were conducted using lab-on-chip
method for the direct visualization of the water/oil flow in sub-micro-scale channels and
the flow behavior with influence of surfactant and fractures.
In this work, tight sandstone thin slice was characterized using confocal-lasermicroscope. Using designed micromodels, microscopic study of interface and residual oil
distribution as well as macroscopic study of displacement profile and oil recovery factor
were acquired. Interface between oil and water during displacement were determined
using parallel micromodels in which six different flow patterns were summarized in
drainage process and two patterns including a ‘fading out’ phenomenon were observed
during imbibition process. Fracture existence and azimuth as well as surfactant effect on
oil recovery factor and residual oil distribution were evaluated using fractured
micromodels. Surfactants were evaluated by Hydrophilic-lipophilic balance (HLB) and
Winsor type as well as the quantification of the morphology of dispersed phase in
emulsion. It was concluded that for fractured micromodels with network etching depth of
500 nm, micromodels with fracture along flow direction had better oil recovery factor
than micromodels without fracture, at the same time, a smaller oil recovery factor were
determined using micromodels with fracture perpendicular to flow direction comparing to
those without fracture. Displacement processes were monitored under laser-confocalmicroscope and detailed residual oil distribution was observed and analyzed.
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1. INTRODUCTION

1.1. STATEMENT AND SIGNIFICANCE OF THE PROBLEM
Oil recovery, as the ultimate purpose of petroleum production, has been studied
by petroleum engineers for decades, using macroscopic and microscopic studies.
Macroscopic studies range from reservoir-scale studies to well-scale studies and coresample-scale studies and are mainly used for field potential determination, production
prediction, and decision-making around further production treatment. Permeability,
porosity, and saturation are the key parameters for oil recovery in all macroscopic
studies. However, microscopic studies focus on fluids’ interaction with each other and
with material surfaces, also on configuration and irregularity of flow path and its effect
on flow behavior, which can be used to better understand and explain macroscopic
results. A macroscopic study, therefore, tells us how much petroleum is left in the
reservoir while a microscopic study tells us where exactly and why.
Micromodels have become widely acceptable which have been used in almost in
every area of petroleum engineering researches in recent years due to technique
improvements. (Eijkel, 2005)( Sparreboom, 2009) However, unconventional related
problems especially for optical fluid flow characterization under sub-micro-scale porous
media are barely studied because the scale of flow path is limit to sub-micro level which
is tricky to the technologies including fabrication, fluid handling system and observation
system. In this proposal, some cutting-edge technologies were used to achieve the studies
of sub-micron- or sub-micro-scaled micromodels including reactive-ion etching (RIE)
inducing inductively coupled plasma (ICP) etching, Pico plus pump with controllable
injection rate from 0.054 pl/min as well as laser-confocal-microscopy with a charge
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coupled device (CCD) camera. Visible flow patterns, interfaces and specific residual oil
distribution were and would be monitored, recorded and analyzed with the condition of
sub-micro-scaled flow path which could provide a fundamental knowledge and
understanding of fluid flow behaviors in unconventional reservoirs. Thus, in this work
micromodels were proposed as the porous media for their visibility, flexibility of userdefined material, and structure.
In this proposal, the flow behavior of water/oil was investigated in semitransparent nano-fluidic channels. Flow patterns during drainage and imbibition
processes in parallel channels with 500-nm depth as well as network channels with 300nm depth were characterized and compared with results in channels of conventional size.
Pressure and recovery relationship was also developed based upon observation and
analyses. This work demonstrated a novel visualization method for the characterization of
water/oil flow patterns in sub-micro-scale channels of oil shale formations by using laser
microscopy system combined with nano-fluidic chips. The results of the fluid
transportations in sub-micro-scale channels will be helpful for researchers to understand
the mechanisms of fluids transportation in unconventional shale oil system. This
technique has the potential to provide a valuable tool to enhance the oil production and
evaluate the residual saturation in unconventional shale oil reservoirs.

1.2. RESEARCH OBJECTIVES
This work focused on rock and fluid flow characterization especially for
unconventional reservoirs using plasma etched micromodels. The specific tasks were as
followed:
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1. Microscopic study of flow patterns and interfaces using parallel nano-channels
micromodels. This objective can be broken into three sub objectives:
a. Demonstrate flow patterns during drainage process in which dyed decane was
injected into water saturated micromodels.
b. Demonstrate flow patterns during imbibition process in which water was
injected into oil saturated micromodels.
c. Quantify the image results using EIS software and study interface movements
during displacement processes in which different velocity curves were generated
corresponding to different flow patterns proposed.
2. Macroscopic study of sweep efficiency controlled by injection pressure and
fracture existence using network micromodels and fractured models. This objective can
be broken into three sub objectives:
a. Study entrance pressure and relationship between pressure and sweep
efficiency using network micromodels with paralleled main channels
b. Study sweep efficiency various and fracture existence and azimuth impact
using micromodels with or without fractures and with different fracture directions
c. Compare fracture influence on fractured micromodels with different matrix
scale using fractured micromodels with different nano-channels etching depth of 100nm
and 500nm
3. EOR study of surfactant effect on oil recovery using capillaries and fractured
models. This objective can be broken into three sub objectives:
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a. Determine emulsion morphology using dyed decane and crude oil with nature
fluorescence mixed with different surfactants sorted by Hydrophilic-lipophilic balance
(HLB) value under laser-microscopy
b. Demonstrate emulsification process and surfactant impact on oil recovery using
capillaries under confocal-microscopy
c. Study surfactant influence on oil recovery using fractured micromodels and
compare the results with former waterflooding ones
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2. LITERATURE REVIEW

2.1. UNCONVENTIONAL RESOURCES
Unconventional resources are occupying more and more energy consumption due
to the increasing energy demand over the earth and the depletion of conventional
resources. The major reason that activates but also limits the production of
unconventional resources is the immature technology. (BE Law et al., 2005) Due to the
extra low permeability and the complicated pore size distribution of the unconventional
reservoir rock, measurements are hard to conduct and results are hard to define. (T
McCallister, 2000) Simulation works were done by setting up different media and
different algorithm. The porous media is defined from micro-scale to nano-scale or the
combination of both while the algorithms are slightly different derived from fluid flow
equation. (G Karniadakis et al., 2005)
From micro-scale to nano-scale, the reports are fewer and more inconformity. The
pattern of fluid flow in nano-scale is not clear for now and the transition between
Klinkenburg diffusion and Knudsen diffusion is not quantified. More theoretical studies
should be conducted to provide a fundamental basis considering different methods to
derive fluid flow equation under tiny pore size led to the inconformity of studies of
unconventional resources. (Sparreboom, 2009)
Unconventional resources are those that have been bypassed for economic reasons
comparing to conventional oil and gas for decades. The improvements in geophysical and
geochemical exploration, and drilling and completion technologies since the early 1990s
have opened up new resources in the United States both onshore and offshore. (Law and
Curtis, 2002)
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2.1.1. Unconventional Resources Distribution. For U.S. shale plays distribution,
Figure 2.1 demonstrates all current and prospective shale plays in lower 48 states.
Despite the rapid growth of production of shale plays in recent few years, the history of
shale gas production in the U.S. can trace back to 1825 when shale gas was first extracted
as a resource in Fredonia, New York, in shallow, low-pressure fractures. The Big Sandy
gas field, in naturally fractured Devonian shales, started development in 1915, in Floyd
County, Kentucky. By 1976, the field sprawled over thousands of square miles of eastern
Kentucky and into southern West Virginia, with five thousand wells in Kentucky alone,
producing from the Ohio Shale and the Cleveland Shale, together known locally as the
"Brown Shale." Since at least the 1940s, the shale wells had been stimulated by
detonating explosives down the hole. In 1965 some operators started hydraulic fracturing
the wells, using relatively small fractures: 50,000 pounds of sand and 42,000 gallons of
water; the fracturing jobs generally increased production, especially from lower-yielding
wells.(Ray, 1976) The field had an expected ultimate recovery of two trillion cubic feet
of gas, but the average per-well recovery was small, and largely depended on the
presence of natural fractures. Other commercial gas production from Devonian-age
shales became widespread in the Appalachian, Michigan, and Illinois basins in the 1920s,
but production was usually small.
2.1.2. Coalbed Methane. Development of coalbed methane (CBM) began in the
mid-1980s in the San Juan Basin, New Mexico (BS Kelso et al. 1988). The largest and
most mature CBM producing regions are the San Juan Basin, Black Warrior Basin in
Alabama and the Powder River Basin in Wyoming and Montana, but resources in the
Appalachian basins, Illinois Basin, Gulf Coast, Mid Continent (Kansas, Oklahoma and
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Arkansas) and other Rocky Mountain basins are also being economically produced
(Figure 2.2). Production from coal seams requires a series of vertical wells that pump
groundwater to the surface to reduce the hydrostatic pressure on the coal releasing the
methane. During initial stages of production large volumes of produced water are
pumped to the surface. As the coal seam gradually releases the methane, the volume of
water produced diminishes over the life of the well, typically a period of 20 years.

Figure 2.1. U.S. shale plays in lower 48 states (Energy Information Administration, 2011)

Controlling factors for CBM production include permeability, fractures, gas
migration, coal maturation, coal distribution, geologic structure and basin tectonics (RM
Flores, 1998). Natural fracturing is primarily related to geologic structure, regional
tectonics and coal maturation or coal rank. Coal is derived from plant material
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accumulated in bogs and swamps. Maturation occurs as the plant and woody material is
compressed and hardened by heat by and overburden pressure changing from peat to
lignite to bituminous and finally anthracite coal.

Figure 2.2. A map showing coal basins/coalfields in the United States and estimates of inplace coalbed methane resource modified from ICF Resources (1990), Tyler et al. (1997)
and Bibler et al. (1998)

Two processes are primarily responsible for coalbed methane development,
biogenesis and thermo genesis. Biogenic methane is produced naturally by the action of
organisms ingesting the carbon material in the decaying plant material. Thermogenic
methane is produced by oxidation reactions caused by increased temperature in the
maturation process. Biogenic processes tend to form at lower temperatures in the lignite
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to sub-bituminous coal ranks, while bituminous and anthracite coals are formed by
thermo genesis. Coal has low permeability, and fluids tend to migrate through secondary
permeability zones such as natural fractures or cleats.
During CBM production water flow causes the hydrostatic pressure within the
coal seam to decrease, allowing gas to be desorbed from the surface of the cleat and
migrate through the cleat network to the wellbore. Less methane is produced from
anthracite coal, because the coal has little porosity and the water remains in the matrix.
CBM production from the Rocky Mountain States is mainly from sub-bituminous and
bituminous coals. Because sub-bituminous coals are softer and less competent, they are
typically completed using vertical wellbores. Submersible pumps are commonly used to
pump the water from the coal seams in order to desorb or release the methane. If the cleat
system is not fully developed, low-pressure stimulation techniques are used to fracture
the coal seam and open the cleat network.
CBM production technologies are well established, but environmental, regulatory
and cultural factors related to water use and disposal often determine the economic
feasibility of production wells and fields (Figure 2.3). Water management issues
including availability, water rights, disposal, treatment and beneficial reuse are the main
factors that CBM operators must deal with. Regulations and water rights vary from state
to state, and are often hotly contested in the Rocky Mountain States. In the past ten years
numerous research projects sponsored both by the Department of Energy and industry
have looked at technologies to cost-effectively treat CBM produced water to meet state
and federal regulations for beneficial use. The ultimate goal is to establish a range of
technologies adapted to the range of total dissolved solids (TDS) (salts and metals), and
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contaminants (organic and toxic) in CBM produced water that will allow the water to be
used for agriculture, municipal, industrial, and oil and gas production activities.

Figure 2.3. Typical coalbed methane well (Ecos Consulting)

Currently the main technologies being addressed are desalination using reversed
osmosis, ion exchange, nanofiltration membranes, capacitive deionization, electro
dialysis, and electro dialysis reversal. Development of longer lasting, low-cost and selfcleansing membranes has been an important part of the research. Treatment and
beneficial use of CBM produced water would fulfill two goals; compliance with
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regulatory requirements by states and federal agencies, and providing a secondary income
source from the sale of the produced water.
2.1.3. Heavy Oil. Heavy oil is defined as oil with an API gravity less than 20º.
API specific gravity is a measure of the viscosity or the internal resistance of a fluid to
flow. Heavy oil forms from crude oil by processes of degradation through exposure to
bacteria, water, or air resulting in a loss of the lighter oil fractions, leaving behind the
heavy fractions. Below 10ºAPI heavy oil does not flow and is referred to as asphalt or tar
sand. Bitumen is the mixture of organic petroleum liquids that are viscous, black and
sticky, and must be heated before it will flow. Worldwide resources of heavy oil are
greater than conventional oil resources (Figure 2.4).
The largest heavy oil reservoirs are in Venezuela, China and Canada. However,
extensive heavy oil deposits are found in California and East Texas. Oil recovery from
heavy oil and bitumen reservoirs is much more difficult than that from conventional oil
reservoirs. This is mainly because heavy oil or bitumen is partially or completely
immobile under reservoir conditions due to its extremely high viscosity, which creates
special production challenges. Common components of heavy oil are asphaltene and
paraffin molecules, which must be kept in solution to produce the heavy oil. Thermal
recovery methods, including steam injection, cyclic steam and in-situ combustion are the
most common technologies that have been used in California for several decades.
Improved thermal recovery methods developed primarily in Canada include, steam
assisted gravity drainage (SAGD), vapor extraction, and toe-to heel air injection (THAI).
Thermal recovery technologies are generally considered as tertiary recovery.
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More recently cold heavy oil production with sand (CHOPS) has been developed
for extracting heavy oil and tar sands in Canada. In this process sand is used to enhance
the productivity of the well. Application of CHOPS in unconsolidated sandstones has led
to its use in shallow heavy oil reservoirs on the Alaska North Slope. Because of the
unique properties of these Alaskan reservoirs and the frozen climate, CHOPS is
essentially used as the primary recovery mechanism in unconsolidated sand reservoirs.
Extensive research is currently being conducted by universities and industry in the U.S.
and Canada to improve CHOPS technologies and increase heavy oil recovery.

Figure 2.4. Worldwide estimated heavy-oil deposits by region (U.S Geological Survey)

2.1.4. Shale Gas. Shale gas is one of the most important part in unconventional
resources. The natural gas content of certain shale has been known for some time, but it

13
has only been in the past ten years that shale gas development has boomed. As shown in
Figure 2.5, estimates have been made that predict that by the end of 2040 over 55% of
natural gas produced in the U.S. will come from shale gas resource plays. Resource plays
as contrasted with exploration plays have a low geologic risk of not finding gas, but the
potential profits per well are generally lower. However, the total potential profits are very
good considering the large amount of reserves.

Figure 2.5. Current and estimated natural gas supply (EIA, Annual Energy Outlook 2017)

Resource plays are developed in specific basins and formations, which were
previously bypassed as uneconomic or considered as sealing formations for conventional
oil and gas reservoirs. These shale formations are tight reservoirs with low matrix
permeability and must be fractured to permit gas to flow. The first shale gas play to
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realize its potential was the Barnett Shale located in the Bend Arch-Fort Worth basins of
north Texas. The Barnett is estimated to have over 30 trillion cubic feet (Tcf) of resource.
The technologies which unlocked shale gas in the Barnett are a combination of hydraulic
fracturing and horizontal drilling. Development of the Barnett began in the mid-1990s,
and has expanded to cover large areas in the Fort Worth Basin including development
under the city of Fort Worth. In the period from 2005-2007 drilling in the Barnett shale
had a success rate of 100%. As indicated by EIA annual report 2017, U.S. natural gas
production growth is the result of continued development of shale gas and tight oil plays.
2.1.5. Tight Oil. Tight oil as another important part of unconventional resources,
was reported in EIA annual report, in all cases, U.S. petroleum consumption is projected
to remain below the 2005 level, the highest recorded to date, through 2040. Low oil
prices result in increased domestic consumption in the Low Oil Price case.
Simultaneously, low prices drive down domestic production, resulting in generally higher
import levels. The domestic wellhead price does not change significantly in the economic
growth cases, resulting in consumption that is like the Reference case level. Reference
case U.S. crude oil production is projected to recover from recent declines, as upstream
producers increase output because of the combined effects of the rise in prices from
recent lows and cost reductions. In the Reference case, higher refinery inputs in the near
term absorb higher forecast levels of U.S. crude oil production, limiting changes to
imports. Eventually, net crude oil imports increase because domestic crude production
does not keep pace with refinery inputs as domestic refiners expand product exports.
Figure 2.6 shows the tight oil dominates U.S. production in the reference case. Notice in
EIA Annual Energy Outlook, tight oil has been reach over 50% of the entire crude oil
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production in recent years and will continue the growth in the prediction especially in
high oil and gas resource and technology cases.

Figure 2.6. Current and estimated crude oil production (EIA, Annual Energy Outlook
2017)

2.2. SURFACTANT AND EMULSION
Surfactants are long chain compounds comprised of a long hydrocarbon
(aliphatic) molecule that ends in a polar head group. Thus surfactant may act as
detergents, wetting agents, emulsifiers, foaming agents, and dispersants. Emulsions are
dispersions of one liquid phase in the other which can be found in many scenarios of
studies such as electronics, biomedical, aerospace, pharmaceutical industries. In energy
territory, oil and water emulsion are mostly discussed and mainly related to recovery
improvement especially for heavy oil recovery. Emulsion constitution are caused by
water-oil ratio, surfactant proportion, surfactant characteristics, environment condition
which includes temperature and pressure, micro-scale interaction such as mixing method
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and shearing strength and can lead to different emulsion features which have effects on
recovery of heavy oil.
2.2.1. Surfactant Flooding. Surfactant EOR reduces residual oil in the swept area
and improves the ED by reducing the capillary and IFT between oil and water.
Surfactants can be injected either from an injection well (called flooding) or a production
well (called huff-puff or soaking). The major problem with surfactant injection is that the
surfactant primarily enters fractures or super-permeable zones/streaks, which will cause it
to break through early or have little opportunity to enter low-permeability zones or matrix
to clean the large amount of oil remaining there.
Recent studies have shown that the EOR mechanism behind this method for
heavy oil also contributes to a significant oil viscosity reduction resulting from the
formation of W/O emulsions. One concern regarding the emulsification method is the
emulsion stability. However, it has been reported that some nanoparticles, such as CABO-Sil®TS-530, can be used to stabilize the emulsion. Several pilot tests have shown that
surfactant flooding can increase oil recovery by 10 to 20% after water flooding.
However, early surfactant breakthrough often can occur due to flow short-circuiting. This
occurs because surfactant flooding is always performed in mature oilfields where
reservoir heterogeneity has been aggravated due to previous oil production and water
injection. Early breakthrough wastes surfactants and increases lifting costs.
Surfactant soaking is used mainly to alter reservoir wettability from oil-wet to
water-wet for oil recovery improvement, mostly in carbonate and heavy oil reservoirs.
During field application, a surfactant solution first is injected into a production well, and
then the well must be shut off for a few days to allow the surfactant to enter unswept
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regions by spontaneous imbibition instead of entering only the fractures or highpermeability channels, as is its preference. Lastly, the well is put back into production.
This method can significantly improve oil recovery in lab scale, but it is a slow recovery
process because spontaneous imbibition is limited by the rate of molecular diffusion.
Stoll et al. indicated that spontaneous imbibition would not prove economically feasible
unless external forces enabled forced imbibition.
Ternary phase diagram of an oil-surfactant water system is commonly used to
describe the ratio of water, oil and surfactant impact on emulsion with certain surfactant
and other parameters under control. Emulsion constitution structure (Figure 2.7) and
morphology (Figure 2.8) were discussed (Cannon et al., 2008) (Vinod Singh et al., 2013).
2.2.2. Hydrophilic-Lipophilic Balance (HLB). Besides ternary phase diagram,
another important emulsion determination parameter is the Hydrophilic-lipophilic
balance (HLB) of a surfactant which is a measure of the degree to which it
is hydrophilic or lipophilic, determined by calculating values for the different regions of
the molecule. Detailed HLB values and its emulsifiers application was listed in Figure 2.9
(Davies, 1957). In Davies’s method, Hydrophilic and lipophilic groups’ effect were used
to calculate HLB value using equation

. In which m

represents the number of hydrophilic groups in the molecule, Hi represents Value of
the th hydrophilic groups (Table 2.1) and n represents the number of lipophilic groups in
the molecule. (Davies, 1957) According the HLB value, polarity of surfactants can be
determined specific and also emulsion solubility can be predicted.
Depending on the surfactant selected and the aqueous phase chemistry, a Winsor
Type I, Type II, or Type III system will result. The Winsor Type III system is associated
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with a middle-phase micro-emulsion and ultra-low interfacial tensions as shown in Figure
2.10. (West and Harwell, 1992) Oil in water emulsion will be formed in lower layer for
Winsor Type I and water in oil emulsion will be formed in upper later in Winsor Type II.

Figure 2.7. Ternary phase diagram of an oil-surfactant water system, based on a C12E10oleic acid-water system (Cannon et al., 2008)

Figure 2.8. Phase diagram: Water (aqueous phase), oil, surfactant and formation of
structure of microemulsion (Vinod Singh et al., 2013)
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Figure 2.9. Classification of emulsifiers according to HLB Values (Davies, 1957)

Table 2.1. HLB group number (Davies, 1957)
Hydrophilic groups

Group Number

-SO4-Na+
-COO-K+
-COO-Na+
N (tertiary amine)
Ester (sorbitan ring)
Ester (free)
-COOH
Hydroxyl (free)
-OHydroxyl (sorbitan ring)
Lipophilic groups

38.7
21.1
19.1
9.4
6.8
2.4
2.1
1.9
1.3
0.5

-CH-CH2CH3=CHDerived groups
-(CH2-CH2-O)-(CH2-CH2- CH2-O)-

-0.475

+0.33
-0.15

20

Figure 2.10. Relationship between phase behavior and IFT values (West and Harwell,
1992)

One of the unique factors associated with micro-emulsions is the presence of
different textures such as oil droplets in water, water droplets in oil, bicontinuous,
lamellar mixtures etc., which are formed by altering the curvature of interface with the
help of different factors such as salinity, temperature, etc. Such a variety in structure of
microemulsion is a function of composition of the system. Phase study greatly helps to
elucidate different phases that exist in the region depending upon the composition ratios.
One peculiarity of microemulsions is in the fact that these structures are interchangeable.
Construction of phase diagram enables determination of aqueous dilutability and range of
compositions that form a monophasic region as showed in Figure 2.11. (Mehta and Kaur,
2011) One of the unique factor associated with microemulsions is the presence of

21
different structures as classified by Winsor. Oil in water emulsion (Winsor I), water in oil
emulsion (Winsor II), bicontinuous or middle phase microemulsion (Winsor III) and
Winsor IV system are formed by altering the curvature of interface with the help of
different factors such as salinity, temperature, etc.

Figure 2.11. A hypothetical ternary phase diagram representing three components of the
system (Mehta and Kaur, 2011)

As shown in Figure 2.12, Winsor Type I indicates two layered immiscible phases
with lower phase of surfactant-rich water phase and upper phase of surfactant-poor oil
phase, Winsor Type II consists upper phase of surfactant-rich oil phase and lower phase
of surfactant-poor water phase, Winsor Type III represents the surfactant-rich middle
phase which coexists with both water and oil surfactant-poor phases and Winsor Type IV
is a single phase homogeneous mixture. (Mehta and Kaur, 2011)
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Figure 2.12. Schematic presentation of most occurred surfactant associates (Mehta and
Kaur, 2011)

2.3. MICROMODEL FABRICATION AND APPLICATION
Micromodels, as well as microfluidic chips, are small on-chip systems including
ports that can be connected to tubing systems and channels in which small volumes of
fluids can be processed and observed. Given current technology for the fabrication and
observation of fluid-handling systems, micromodels are the best options for experimental
microscopic studies. Appropriate design and material can be used, and channel pattern
and scale can be designed to apply to flow behavior and flow dynamic problems in the
petroleum industry. Advancements in technology for micromodel fabrication, experiment
observation, and visible photograph quantification play a very important role in the
development of flow behavior studies using micromodels. In this paper, we mainly focus
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on visible micromodels in transparent materials which are mostly used for the
observation of the flow pattern, flow dynamics, phases interface, and confocal control
studies. Different experimental purposes have been brought about by different
micromodel designs and limited by the technology available, mostly in the model
fabrication and imaging process.
The fabrication methods of micromodels related to research purpose, material,
and operation methods have been developed for a long time and will be introduced later.
There is no perfect method of fabrication since distinctive design purposes and materials
are chosen, not to mention that the advancement of techniques opens up more and more
possibilities. Three kinds of fabrication methods were summarized, namely basic
geometry, patterned filling materials, and lithography, both in chemicals and plasma. In
the long run, the lithography method seems to be most promising because of its flexibility
and the accuracy of its user-defined structure and features, as well as its repeatability
from reusable masks.
For the imaging process of micromodels, researchers have used many approaches
with different micromodels and different research purposes. Nuclear magnetic resonance
(NMR) and micro-CT were used for a wide view of wellbore or part of a core sample
which can be treated as a micromodel in a broader sense. NMR is used for the
measurement of porosity, permeability, and residual water saturation by the spin-lattice
relaxation time of the protons of a hydrogenous liquid contained in the pore spaces
(Timur, 1969; Appel et al. 2000). NMR, like other logging tools in petroleum
engineering, is a more macroscopical method which targeting the following aspects:
porosity of the rock, gas/oil/water fraction and distribution, and oil viscosity. NMR has
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the capability of carrying out a dynamic analysis, although only at reservoir scale. MicroCT is used in materials evaluation and inspection and has typical resolutions in the 1-50
microns range (mostly 3-5 microns). X-rays associated with micro-CT create crosssections that can be used to build virtual 3-D objects. Micro-CT usually targets pore
structure (often conventional, “accessible pores” will be added by the author for
unconventional rock), organic distribution, and 3-D reconstruction. (Kryuchkov, 2007;
Sarker and Siddiqui 2009) Very few dynamic analyses were conducted by immersing the
rock sample into X-ray-transparent toluene for the diffusion process. NMR and micro-CT
are often used for real samples for liquids saturation and distribution, which are always
static studies without fluid flow processes. With the application of more advanced
micromodels which are visible with a designed flow system for fluid-handling
equipment, an optical microscope is a better option for the following two reasons: 1. the
resolution can go down to 0.2 microns; and 2. the dynamic process of fluid flow and the
forming of the residual phase can be observed, allowing us to know how instead of just
where. Recently, confocal microscopy has been used to create a three-dimensional
reconstruction of the residual phase with a vertical resolution of about 0.5 microns.
2.3.1. Micromodel Fabrication and Design. One of the advantages with
micromodels is that researchers can design and fabricate the micromodels themselves
according to their need of research purpose. A well-designed micromodel can emphasize
the scientific problem and diminish the interferences from other factors. According to the
design purposes and fabrication methods, three types of micromodels are summarized.
2.3.1.1. Basic geometry model. Basic geometry models are the models fabricated
directly from glass tubes or capillaries. Although some of them are not on fluidic-chip,
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the created two-dimensional networks are the same concept as the microfluidics we use
today. The basic geometry models were used from the 1940s to the 1980s; therefore, due
to the technical limits of fabrication and observation system, the size of pores created by
these models was usually in sub-millimeters, and the observation methods for these
models were schematic and camera.
Benner (1938) introduced the first micromodel to petroleum engineering for the
study of the interface between phases. Two differently sized capillaries were joined to
form the first and simplest device, called a pore-doublet, as shown in Figure 2.13, to
study interface tension and counter-flow behavior (Benner et al., 1943). It was the first
time that researchers in petroleum engineering had conducted experiments in visible
porous media, other than rock samples. Rose and Witherspoon (1956) used the same
model to study size ratio and back-pressure effects on residual oil. Flow dynamics and
residual oil were studied while the fluid flow process was introduced to the pore-doublet
model. Immiscible displacement was studied using a series of pore-doublets connected
together to form a 2-D capillary network (Chatzis & Dullien, 1981). The capillary size
was reported as less than 1 mm. Primary drainage, imbibition, and secondary drainage
experiments were conducted and the results showed that breakthrough capillary pressure
is lower in secondary drainage than in primary drainage.

Figure 2.13. Pore-doublet device for interface tension and counter-flow behavior study
(Benner et al., 1938)
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Fatt (1956) developed a network to represent a relatively real porous media in
1956, as shown in Figure 2.14. He designed six different networks to obtain a capillary
pressure curve. The difference noticed between the results of experiments using a
network micromodel and real rock was determined by the author the lack of the existence
of blind pores. Homogeneous and heterogeneous model fabrication was discussed with a
square-structure pore system (Mckellar et al., 1982). Surface roughness was also
introduced into the glass micromodel, which was useful for studying the effects of pore
and fluid variables on the trapping of oil being displaced by water and the processes of
mobilizing the residual oil. The same model was also used for fluid topology during the
imbibition process (Norman, 1988).

Figure 2.14. Network micromodels, representing relative real porous media: a. single
hexagonal network; b. square network; c. double hexagonal network; d. triple hexagonal
network. (Fatt, 1956)
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2.3.1.2. Patterned filling-materials model. Patterned filling-materials models are
made of two parallel base plates, of which at least one is transparent for observation, with
packed materials in between to simulate real porous media in a reservoir. A glass plate
was usually used for at least one side of the base plate for observation, and different
filling materials such as glass powder, glass beads, sand, and grain were used to pack in
the void of base plates and create the porous media.
Chuoke et al. (1959) first put unconsolidated Pyrex glass powder in between
models built of glass plates in dimensions of 5 * 30* 60 cm and 2* 9 * 18 cm. At both
ends of the models, small chambers were provided, separated from the glass pack by a
wire screen to ensure a planar interface at the start of the injection. Frontal displacements
and a much higher oil recovery than that recorded in field data were observed because a
relatively homogeneous situation was created, according to the authors. As with the
glass-powder packing model, Paterson et al. (1982, 1984) described a porous structure
consisting of plastic particles bonded together by heat and conducted the flow behavior of
a surfactant flood in an oil-saturated sand pack micromodel. Instead of sand, a bead-pack
micromodel was used, in which glass beads of a certain size were packed randomly
between two parallel glass plates in order to create a porous medium for the detailed
structure of a residual oil-saturation study (Chatzis, 1983) and wetting-phase saturation
and residual hydraulic continuity study (DullienF. A. L. DULLIEN, 1985). The drainage
of model oil by aqueous solutions was studied at low capillary numbers using a random
monolayer of micronic glass beads as shown in Figure 2.15(Cuenca et al., 2012). Nguyen
et al. (2014) conducted an assessment study of nanoparticle-stabilized CO2 foam for
enhanced oil recovery using a similar design.
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Figure 2.15. a. Schematic of beads micromodel and b. Magnified image of the bead
micromodel (Cuenca et al., 2012)

A patterned grain pillar was used to create a symmetrical flow path in a glass
model to simulate pores and pore throats. Yousfi et al. (1990) and X. Li a (1991) first
presented the grain pillar filled glass model for bubble nucleation and solution gas drive
study. The pore networks were generated by a controlled grain algorithm which meant
the grain pillars were designed randomly. This kind of glass micromodel was then used
for a solution gas drive study on account of a heavy oil reservoir (Bora et al., 1997; Lago
et al., 2002). Sayegh and Fisher (2009) introduced a controlled-grain algorithm into a
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patterned-grain glass micromodel to simulate porous media with different grain
distribution or permeability and to study the CO2 injection and fingering problem.
Patterned filling material models can be used for both macroscopic and
microscopic studies, depending on their design. The disadvantages of these micromodels
are their uncontrollability, as compared to other micromodels, and their homogeneity, as
compared to real reservoirs. However, despite the greater homogeneity they may create,
patterned filling material models are the most realistic micromodels because they share
similar processes of formation deposition with real reservoirs during fabrication. These
micromodels also have a great potential to be used for three-dimensional studies with the
application of the confocal microscopy system, proper refraction index adjustment, and
fluorescent dye if multi-phases are in use.
2.3.1.3. Chemical- or plasma-etched model based on lithology. The first
lithology micromodel was developed by Mattax and Kyte (1961). By coating a glass plate
with wax and inscribing a line pattern through the wax using a fine stylus, the desired
flow pattern was then etched with hydrofluoric acid. Davis (1968) then replaced the wax
coating with a photosensitive resist which became insoluble in certain solvents used for
etching which at the same time could be later removed by caustic solution. Their
micromodels were used for wettability change induced crude oil study. Fluid-fluid and
fluid-matrix interactions, along with flooding data from consolidated cores, were used to
verify micellar solution displacements.
The scholars could design certain patterns for corresponding purposes using the
photo-resist method. Chatzis (1983) used an etched glass model together with the bead
pack model mentioned above to study residual oil structure. A crude oil induced
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wettability change effect was studied (Morrow, 1986). Oren et al. (1992) used an etched
micromodel for a mobilization study of residual oil by gas injection after waterflood.
Jeoing et al. (2003) used a similar micromodel for the analysis of factors influencing nonaqueous phase liquid (NAPL) removal by surfactant foam flooding. Dawe and Grattoni
(1988) developed a micromodel for a reservoir fluids behavior study. After that, the
segregated pathways for different permeability reductions during certain polymer and gel
injections was researched (Grattoni, 2002). The displacement efficiency of polymer
flooding was detected using various designs of micromodel (Meybodi et al., 2011).
Hydrophilic nanoparticles retention was studied (Hendraningrat et al., 2012). An alkaline
flooding displacements mechanisms of enhanced heavy oil recovery was carried out by
Dong (2012). An MEOR study was conducted using chemical-etched micromodels with
different wettability (Afrapoli et al., 2012; Khajepour et al., 2014).
Danesh (1987) introduced photo imaging techniques into chemical etching
techniques to trace pore networks from enlarged photographs of thin sections of a
sandstone sample. Owete (1987) used an etched micromodel to study the flow behavior
of foam with a layer of silicon dioxide which was thermally grown on the silicon wafer to
achieve the wettability similar to that of natural porous media. An oil layer was observed
during the water oil gas three phase flow (Keller et al., 1997). A gravity drainage study
was conducted (Sajadian et al., 1998). The flow of oil and water through elastic polymer
gels was studied (Al-Sharji et al., 2001). Polymers displacing viscous oil processes were
studied (Buchgraber et al., 2011, 2012). Residual oil distribution and polymer elasticity
were studied (Xia et al., 2008). A five-spot glass micromodel was used to study
wettability alteration by silica nanoparticles during polymer flooding (Maghzi et al.,
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2011). Alkaline flooding and alkaline surfactant flooding to improve heavy oil recovery
were studied (Pei et al., 2011, 2012, 2013). Dehghan et al. (2012) conducted water
alternating solvent injection effect study on heavy oil. Different flooding processes were
operated on a five-spot microscope after solution gas drive (Lu, 2013). Unconventional
flow behavior was carried out using network or parallel micromodels (Wu, 2012; Wu,
2014; Liu, 2014; Wang, 2014). Sun et al. (2014) studied the utilization of surfactant
stabilized foam for enhanced oil recovery by adding nanoparticles.
CO2 displacing crude oil was studied using a chemically etched micromodel
(Campbell, 1983, 1985; Sohrabi & Emadi, 2012). The same micromodel design was used
for a CO2 foam mobility study (Huh, 1989). Sohrabi (2000, 2001, 2004) used etched
high-pressure glass micromodels to study oil recovery by water alternating gas (WAG)
injection. A similar micromodel was used for oil depressurization in pores with different
characteristics and saturation histories (Nejad, 2005). Emadi and Sorabi (2013) used the
same model for the formation of water micro-dispersions and a wettability alteration
study during low salinity water injection.
A heterogeneous micromodel was developed for an immiscible flow behavior
study (Caruana, 1997). A similar design was used for end effects at permeability
discontinuities. (Dawe et al., 2011). A matrix-fracture system was designed for a
micromodel to visualize the immiscible displacement of the drainage process in fracture
systems (Haghighi, 1994). A similar micromodel was used for a sweep efficiency study
during WAG injection. (Dehghan, 2012) Another matrix fracture system design was
carried by Soudmand-asli et al. (2007) who used Corel Draw ® software to draw
irregular and dead-pore network patterns for the MEOR process. A five-spot etched glass
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model was used to probe the performance of surfactant flooding in water-wet and oil-wet
conditions (Jamaloei & Kharrat, 2010). Dastyari et al. (2005) and Mashayekhizadeh et al.
(2011) used a fractured micromodel to monitor the mechanism of gravity drainage of an
air crude oil system.
A fracture geometrical effect on breakthrough time in the miscible displacement
process was studied (Kamari et al., 2011). Flow barriers were added to a five-spot flow
patterned micromodel with different orientation angle for a polymer flooding study in
heavy oil reservoirs impacted by shale geometry and connate water saturation
(Mohammadi et al., 2012) (Sedaghat, 2013, 2013). Shokrollahi et al. (2014) monitored
and characterized the fingering patterns by miscible displacement using a similar
micromodel. A fractured micromodel was used for nanoparticle surfactant injection on
heavy oil in an EOR process (Mohajeri et al., 2014).
Basic geometry is represented by the capillary micromodel (Benner et al. 1938),
regular shaped network (Oren et al., 1992), and local design (Xia et al., 2008) which were
often used for microscopic observation such as interactions between immiscible phases
and residual phase configuration. Patterned filling materials include patterned grain pillar
(Li and Yortsos, 1991), sand pack (Paterson et al., 1982), and beads pack (Armstrong et
al., 2012) which were normally used for sweep efficiency and residual phase distribution
study. The chemical- or plama-etched models based on lithology have become the design
principally used by scholars to solve petroleum problems as a photo resist imaging
technique was developed (Danesh, 1987). A well-simulated lithology network can be
very effective for almost all purposes.
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2.3.2. Micromodel Application to Petroleum Engineering Problems. Oil,
water, and gas are fundamental fluids in petroleum engineering and microfluidic chips
are capable of simulating porous media in order to study the flow behavior and dynamics
of fluids. By controlling the parameters of hydrocarbon reservoirs which can be built in
different materials or micromodel design, and different fluids during injection, four major
aspects of micromodel application to petroleum engineering can be summarized, namely
secondary recovery, tertiary recovery, conformance control, and hydrocarbon recovery in
unconventional reservoirs.
2.3.2.1. Secondary recovery. Secondary recovery indicates the phase after
natural reservoir pressure driven hydrocarbon production, in which water or gas is
injected through injection wells into the reservoir to maintain or increase the reservoir
pressure, and to push the oil out of the production wells (Sandiford, 1958). Secondary
recovery is the most common production method for almost all reservoirs with low oil
viscosity.
Qu et al. (1991) and Tang (1992) studied flow behaviour during water injection
process using glass micromodel. According to the wettability difference of micromodels,
piston-like displacement was found in oil-wet models and non-piston-like displacement
occurred in water-wet models as shown in Figure 2.16. Injection pressure was found to be
the dominant parameter for the real sandstone micromodel of weakly oil-wet to neutralwet by Sun et al. (2004). Low displacement efficiency was caused by a bypass behavior
that was observed for the heterogeneous properties of the micromodel. The upside of the
real sandstone micromodel is that it preserves the original pore structure, clays, cement,
and pore surface properties such as wettability and roughness. The downside, however, is
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less visibility than other transparent materials like glass. Using micromodels with
wettability heterogeneities, Laroche (1998) found that during the secondary recovery
process, pressure and wettability heterogeneity distribution such as the oil-wet region or
pathways had a major influence on oil recovery and gas invasion path.

Figure 2.16. Piston-like and non-piston-like displacement in glass micromodel with
different wettability (Tang, 1992)

For gas injections, Sajadian and Tehrani (1998) studied the displacement
efficiency and gravity drainage of gas over oil and water in a water-wet micromodel.
Dastyari et al. (2005) studied the gravity drainage effect in gas-invaded zones using a
glass micromodel with or without fracture at different angles to the direction of gravity.
More oil would be produced if the gravitational force increased and both micromodels,
with or without fracture, gave rise to higher residual oil saturations.
2.3.2.2. Enhanced oil recovery. Enhanced oil recovery (EOR), also referred as
tertiary recovery as opposed to secondary recovery, is the implementation of various
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techniques including thermal method, gas injection, chemical injection, and microbial
method, to improve oil recovery. Unlike in mechanical processes such as pressure
maintenance and displacement during secondary recovery, reservoir parameters such as
permeability and wettability, and hydrocarbon parameters such as viscosity and specific
gravity, would be made favorable during the EOR process in order to improve oil
production.
Thermal method including hot water, steam flooding, or even in situ combustion
are used as thermal methods in the EOR process to reduce hydrocarbon viscosity,
especially for heavy oil reservoirs. Hot water and steam injection using a micromodel
was conducted by Haghighi and Yortsos (1997). A steam generator consisting of a
stainless-steel tubing wrapped with a heater tape with two layers of glass wool was used.
The steam temperature was measured and controlled at the entrance of model by a digital
thermocouple temperature controller(Cole-Palmer). The temperature at different parts of
the micromodel was measured periodically by a surface probe type-T thermocouple. The
thermally induced solution gas drive not only contributed to the displacement but also led
to the generation of foam-like stable lamellae which served as a better displacement agent
in the fracture area.
Temperature control and monitor in micromodel have been the key parts in a
petroleum study using thermal method. Recently, Karadimitriou et al. (2014) developed
the visualization setup that could monitor and record the distribution of fluids throughout
the length of the micromodel continuously and also record the thermal signature of the
fluids. The thermal camera setup was used on Fluorinert as wetting phase and water as
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non-wetting phase and could be easily applied on petroleum fluids such as oil and
chemicals.
Carbon dioxide and nitrogen were mostly used for EOR gas injection, not only
due to their improved oil recovery efficiency and low cost but also to the reduced
greenhouse gas emissions of carbon dioxide. The distribution of waterflood residual oil
depends on the type of heterogeneity and plays a major role in the displacement patterns
of gas injection. EOR gas injection is less efficient than secondary gas injection in the
presence of isolated oil-wet patches in a strongly water-wet porous matrix (Laroche,
1998, 1999).
Immiscible gas injection can be studied using micromodels and clear boundaries
of hydrocarbon and gas could be observed using the experiments. However, at the current
stage of micromodel materials and fabrication techniques, it has proven difficult to
establish a miscible flooding process due to the ultra-high pressure and temperature
required for EOR gas like carbon dioxide to be mixed with hydrocarbon.
Water-alternate-gas (WAG) injections have been widely applied since the 1950s and are
normally employed to improve the volumetric sweep efficiency of miscible flooding
processes. Carbon dioxide is usually injected in WAG mode. A few studies of WAG
were conducted using micromodels, from which it was concluded that, compared to the
fast breakthrough of gas injection only, WAG gave a better sweep profile and oil
production in which stable oil layers could be formed between gas and water phases
because gas bubbles were always surrounded by oil layers, direct gas/water
displacements were not observed. (Larsen, 2000; Dong, 2002) Dyed water was used to
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distinguish the three phases, together with the refraction difference between liquid and
gas (Feng, 2004).
At high residual oil saturation, injected gas traveled through oil channels, pushing
some oil to production and some oil to the water channels created in the previous
waterflood. However, at low residual oil saturation, injected gas traveled through oil
channels and large water channels, displaced/collected residual oil into large water-filled
pores, and blocked some water channels (Dong, 2002, 2005; Van Dijke, 2008,2010;
Khezrnejad, 2014; Sohrabi et al., 2000, 2001, 2004).
Due to the visibility of the micromodels, WAG process, and influence on the
remaining oil, it was clear to us that after the initial waterflooding, the water injections of
WAG cycles recovered additional oil mainly through the following two mechanisms:
firstly, water displaced the oil that refilled the water channel during the gas injection; and
secondly, that water displaced oil in other regions because of the gas blocking the water
channels. Because of the high mobility of the gas phase, gas fingered through some large
oil channels and left some regions untouched in subsequent WAG cycles.
Alkaline, surfactants, and polymers are most commonly used for chemical EOR
in general. Alkaline chemicals such as sodium carbonates react with crude oil to generate
surfactant and increase pH which leads to a better microemulsion phase behavior.
Surfactants can reduce the interfacial tension between the displacement liquid phases and
change the wettability of the reservoir rock surface, and are often combined with gas
flooding to generate foam. Polymers often serve as a mobility control agent to provide a
better displacement and volumetric sweep efficiencies during a waterflood. They can
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improve oil production in different reservoirs and in situ conditions, together or
separately.
It was observed, using a micromodel, that an alkaline solution can penetrate the
heavy oil to form a droplet flow phenomenon which played a prominent role in alkaline
flooding (Pei et al., 2012). The droplet flow tends to lower the mobility of the injected
water and lead to the improvement of sweep efficiency, thereby resulting in improved
heavy oil recovery as shown in Figure 2.17 Chen et al. (2013) used a similar glass-etched
micromodel and reported that excessively low interfacial tension could be achieved by
alkaline and surfactant flooding which inhibited the increase of tertiary oil recovery.
Using glass micromodels, Dong et al. (2007, 2012) found that the water-in-oil emulsion
formed during alkaline flooding would block the high permeability zone, also lead to an
increase in pressure drop and high heavy oil recovery. Mehranfar and Ghazanfari (2014)
reported that the formation of water-in-oil emulsion caused by alkaline could prevent
fingering pattern and improve sweep efficiency by sweeping the oil between barriers
using a shaly glass micromodel with random closed fractures.

Figure 2.17. Micromodel images during alkaline flooding, at breakthrough (left) and after
alkaline flooding (right). (Pei, 2012)
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The transportation of oil phase along the pore body and neck wall, complete and
incomplete inter-pore bridging, and deformation and stringing of the residual oil were the
primary mechanisms of dilute surfactant ﬂooding in water-wet medium, which made the
residual oil entrapped move easily forward and pass through the throats and enhance oil
recovery (Jamaloei, 2010; Ibrahim, 2009). Connate water saturation in the water-wet
micromodel was mainly nonuniformly distributed within the pore bodies and necks while
in the oil-wet micromodel its conﬁguration was generally uniform within the pore bodies
and necks (Mohammad Hossein, 2010; Mei, 2012).
Surfactants are also widely used together with gas to form foam flooding, which
is believed to be generated through a series of snap-off and bubble/lamella processes. A
micromodel serves as a good tool to develop a theory, and visualize the generation and
propagation of foam in porous media.
Micromodels were used to simulate monolayers of both homogeneous and
heterogeneous porous media (Owete, 1987). The mechanism of the propagation of foam
and its components was visually studied and recorded on video tapes. The rheology of
foam in micromodels was evaluated by Armitage and Dawe (1989), who concluded that
bubble size is independent of the surfactant concentration. Static theory predicts an
independence of bubble size as a function of interfacial tension; however, in a dynamic
situation, there may be some dependency at higher flow rates when the interfacial tension
can no longer be assumed to be constant. A real sandstone replica micromodel was
constructed to be used as a tool to observe pore level events in foam flow through porous
media (Hornbrook & Pettit, 1991, 1992). George and Islam (1998) found that by
increasing the gas injection pressure, the frequency of gas phase flow events was
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increased and that increasing the liquid flow rate at a low gas injection pressure also
increased the frequency of gas phase flow events. (J. Manlowe, 1990)
The mechanism of foam generation and trapping is identified. The relationship
between foam blocking and the existence of periodic, quasi-periodic, and chaotic states is
established. Fundamental relationships are derived that would lead to an optimum foam
diversion design.
Polymer, as another important EOR chemical, is often used to increase
displacement and volumetric sweep efficiency. According to Buchgraber et al. (2011),
severe viscous fingering was observed for the injection of fluids with a significantly
smaller viscosity than the oil. The injection of polymer solutions that led to an
improvement in the mobility ratio increased the number of fingers; however, at the same
time it reduced the size of the fingers and improved the displacement efficiency. Clemens
(2013)
Viscoelastic-polymer solutions have long been known to exhibit a range of flow
instabilities in a range of flow geometries. Groissman and Steinberg (2000) brought
together a subset of these observations and coined the phrase “elastic turbulence.” This
term describes the chaotic flow of viscoelastic fluids at low Reynolds numbers which
exhibit fluctuations over a broad range of lengths and timescales. Although the behavior
does not exhibit the detailed behavior of inertial turbulence, there are sufficient
similarities to justify the term. The instability that leads to flow fluctuations is derived
from the elasticity of the system (Larson et al., 1990). Pakdel and Mckinley (1996)
proposed that for a wide range of flow situations, the onset is defined by a critical value
of a dimensionless parameter Weissenberg number and Deborah number. A zero
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Reynolds number turbulence was found by Howe et al. (2015) for viscoelastic polymer
systems where the flow field comprises both shear and curved streamlines.
Salem (2012) studied the combination of all three chemicals including alkaline,
surfactant, and polymer (ASP) to demonstrate that a low concentration of alkaline served
mainly to reduce the absorption of surfactant and that, with the interfacial tension reduced
by surfactants and the sweep efficiency improvement by polymers, a better oil recovery
was yielded.
The most popular technique for MEOR involves the direct injection of
microorganisms into the reservoir. The in situ MEOR processes require the growth and
metabolism of injected microorganisms, which provide chemicals that can aid in
releasing oil from reservoir rock. According to Bryant and Douglas (1988),
microorganisms have been shown to cause wettability alterations in glass micromodels,
reservoir flow cells, and Berea sandstone (Bryant, 1986). Kianipey and Donaldson (1986)
formed spores and observed different colonies after the separation of microorganisms by
the crude and water-wet to oil-wet alteration caused by microorganisms was also
observed. (Nourani et al., 2007; Troy & Dorthe, 2011). A pattern modeled after a 3D
glass bead pack (35% 0.6 mm diameter, 35% 0.8 mm diameter, and 30% 1.0–1.4 mm
diameter) was photo-etched into a silicon wafer to a depth of 50 μm to study additional
oil recovery after MEOR process. (Armstrong and Wildenschild, 2012) Results indicated
that MEOR with biomass and biosurfactant was optimal for oil recovery due to the
combined effects of bioclogging of the pore-space and interfacial tension reduction,
especially for water-wet micromodels.
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2.3.2.3. Conformance control. Conformance is a measure of the uniformity of
the flood front of the injected drive fluid during an oil recovery flooding operation and
the uniformity vertically and area of the flood front as it is being propagated through an
oil reservoir. Visual micromodels are a powerful tool for examining the mechanisms of
oil recovery from porous media at the pore level. Conformance control can be improved
by almost all EOR methods which contribute to improving volumetric or displacement
efficiency by improving mobility ratio and interfacial tension.
A CO2 flood using micromodels was conducted by Sayegh and Fisher (2009),
who found that fingering was the dominant displacement mechanism and that oil was
recovered more efficiently when CO2 was co-injected with water. A water-alternatingsolvent (WAS) scheme, simultaneous water-alternating-solvent (SWAS) scheme, and
solvent-soak scheme were found to have a greater oil recovery due to the oil viscosity
reduction, using five-spot glass micromodels originally saturated with heavy oil as shown
in Figure 2.18 (Farzaneh et al., 2012).

Figure 2.18. Magnified pictures of micromodels during solvent flooding, demonstrating
water (blue)/oil (black)/solvent (red) interactions in the first cycles of the WAS process in
(a) Square pattern and (b) Limestone pattern (Farzaneh et al., 2012)
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A surfactant could also be applied for conformance control due to the wettability
change of porous media surface. Salem (2012) concluded that a surfactant could help the
mixed-wet micromodel turn water-wet, thus improving the oil recovery. It was also
concluded that the positive-charged surface of a carbonate micromodel showed a
significant improvement in the displacing profile with the application of a surfactant
together with alkaline, and that the alkaline concentration would be the dominant oil
recovery factor (Friedmann, 1999). According to Pei (2014), polymer is a favorable agent
for mobility control induced volumetric sweep efficiency improvement. ASP was also a
widely-used method for conformance control because it causes a better displacement
profile when micromodel surface and design are taken into consideration. (Sedaghat et
al., 2015,2016)
Gels are a fluid-based system to which some solid-like structural properties have
been imparted. The gel is created through the in-situ cross-linking, or re-cross-linking for
preformed particle gels (PPG), of a polymer in the presence of a catalytic agent.
According to Romero-Zeron and Kantzas (2006), gels associated with foams provide a
higher mobility control capability and superior blockage performance in micromodels
than conventional aqueous foam. PPG propagation patterns were summarized by Bai et
al. (2007), and that PPG would pass through a pore throat with a diameter smaller than
the particle diameter depending on the elasticity, deformability, and strength of the
swollen PPG and the pressure.
Conformance control is focus on the sweep efficiency of the recovery. Visible
micromodel gives a clear knowledge of injected agent transportation and effect on
hydrocarbon in microscopic displacement efficiency and macroscopic areal sweep
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efficiency. Vertical sweep efficiency together with areal sweep efficiency are not
applicable yet, however, three-dimensional micromodel and confocal microscope
application would be a choice for a complete volumetric sweep efficiency evaluation.
Patterned filling material micromodel, etched micromodel and real rock micromodel are
all applied for conformance control studies. The designed micromodels give a more
specific objective without interfere such as the homogeneous micromodel with fracture,
at the same time real rock micromodel provides a more accurate but complex surface
condition and pore distribution of the porous media. According to the scale of the
micromodels, some chemical methods, especially gel injection, would be a nonrecoverable procedure for the smaller-scale micromodels.
2.3.2.4. Unconventional reservoir. According to Nelson (2009), conventional
reservoir rock such as sandstone usually has a pore size of around 10um while
unconventional reservoir rock such as shale and tight sandstone normally has a pore size
from 10nm to a couple hundred nanometers. Plasma etched micromodels were known as
the best method to achieve unconventional scale because the electron-beam lithology
system usually had the resolution in nanometers. With the development of fabrication,
imaging techniques and fluid handling systems more and more precise pore sizes have
been used by micromodels.
Silicon-etched micromodels had been used for flow behaviour study regarding
unconventional petroleum problems. (Wu et al., 2013, Liu et al., 2014) The depth of
etched pores was 100 to 500 nanometers and the width were 10 to 20 microns due to the
technique limits of fluid handling system as well as observation system in order to get the
dynamic process. Flow patterns of gas/water and oil/water were observed and analyzed.

45
Wang et al. (2014) built the numerical simulation model on vaporization of alkane in
micromodel containing micro- and nano-channels.
2.3.3. Summary on Micromodels in Petroleum Engineering. As shown in
Figure 2.19, all gatherable pore size data were listed, from which trend lines indicated the
decrease in pore size among micromodels. With the improvement of fabrication and
imaging techniques, sub-micro-scales have been reached in the past few years to simulate
real reservoir rock or even unconventional reservoir rock flow conditions.

Figure 2.19. Pore throat size of micromodels used in petroleum-related studies along time

Due to improved technology, the diversification of micromodels allows all sorts
of research in petroleum engineering, including water, gas, and chemical flooding
processes, interface study, sweep efficiency, and residual phase distribution. The
applications of micromodels to petroleum engineering research are summarized in Figure
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2.20. From the figure, notice that due to their visibility, micromodels are suitable for
macroscopic sweep efficiency and microscopic interface and residual phase saturation
and distribution study. All three parameters lead to a good application to the flooding
process using water, gas, chemicals, and nanoparticles.

Figure 2.20. Applications of micromodels to petroleum engineering research

Figure 2.21 shows the time-dependent application of micromodels. Sweep
efficiency, interface analysis, and residual phase distribution is shown separately to avoid
duplication of data. Notice micromodels have been become widely used for petroleum
engineering related problems in which EOR related researches were most conducted in
the past decade, especially for alkaline, MEOR, and nanoparticles studies.
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Figure 2.21. Applications of micromodels to petroleum engineering research along time

The historical map of some of the representative micromodels used for petroleum
engineering research was shown as Figure 2.22. The historical map was plotted using
pore throat size versus published year to show a clear trend in the development of
micromodels. Each selected representative picture was placed according to its minimum
pore throat size and year of manufacture and aligned with the top left corner. A blue
background indicates the basic geometry models; a pink background indicates patterned
filling material models, and a green background indicates lithology micromodels. Note
that basic geometry models appeared first, although their pore throat size scale was rather
large due to the limitations of fabrication and observation techniques at the time.
Interface and displacement efficiency problems were mostly investigated using basic
geometry models. Patterned filling materials models have been used lately and have
higher resolution and randomness. In general, macroscopic rather than microscopic
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studies were conducted using these models, of which sweep efficacy studies were the
primary focus, as they provided a better simulation of real reservoirs. Even though
patterned filling materials models had a larger pore throat size than lithology etched
models, they had their own benefits given their potential to be three-dimensionally
operated micromodels. Lithography micromodels had a smaller pore throat size than
other models and have been broadly used recently. The controllability of designable pore
structures means lithology micromodels can be used for almost any purpose of petroleum
engineering, from macroscopic to microscopic studies. Partial or critical area flow
mechanism studies and observations are the biggest advantages of using these models.
They have a good potential to be more widely applied, with more designs to come and
other configurations such as surface treatment.

Figure 2.22. Historical map of representative micromodels used in petroleum engineering
research
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3. EXPERIMENTAL METHODS

3.1. MATERIALS
Deionized water was obtained from the Milli-Q Ultra-pure water system. ACS
grade (99.9%) decane was purchased from Fisher Scientific. All solutions were filtered
through a 0.22-μm pore size nylon membrane prior to use. Nile red was purchased from
Invitrogen (Grand Island, NY) to serve as fluorescent dye at the final concentration of
100 mg/L in decane. Nile red has very low water solubility and no fluorescence in the
aqueous solution. The emission spectrum of Nile red in different solvents is shown in
Figure 3.1. In non-polar solvent, such as Hexane and Decane, the emission is around 525
nm.

Figure 3.1. Emission spectrum of Nile red in different solvents: (a) n-Hexane; (b) Ethyl
acetate; (c) Methanol; (d) Water

3.2. EXPERIMENTAL APPARATUS AND TEST SECTION
The experimental system of confocal microscopy combined with the nano-fluidic
chip was similar to the previous setup in our published work. Figure 3.2 shows the
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schematic of experimental apparatus. Water and oil were injected from two syringe
pumps (Pico plus Elite) from Harvard Apparatus (Holliston, MA) with a controllable
injection rate ranging from 0.054 pl/min to 11.7 ml/min. The injection pressures of both
oil and water were measured by pressure sensors.

Figure 3.2. Schematic of the experimental apparatus

As mentioned above, an epi-fluorescence microscopy method was used for image
collection. The wavelength of the excitation light is 488 nm, and the emission wavelength
is 525 nm. A FITC dichroic mirror was used to filter out the excitation light (incident
light) to reduce the background noise. All images were captured by a Nikon TiE
motorized microscope, equipped with a Yokagowa X 1 confocal scan head and 4 lasers

51
with AOTF control. The exposure time was set at 500 ms, and data were acquired
through the Element software provided by Nikon.

3.3. DATA PROCESSING
Few methods were developed for a more accurate and convincing measurement
using image processing software NIS-elements while quantifying the velocity, saturation
and size distribution data.
3.3.1. Flow Velocity. Flow velocity in real reservoir was a crucial factor for oil
recovery and was obtained by processing images shown in Figure 3.3. First, an intensity
profile axis was drawn on the channels in sub-micro-scale to be measured. The start and
end points were set, and the dip angle of the axis was adjusted to make sure that it was on
the centre axis of flow direction.

Figure 3.3. Image processing using intensity profile axis
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Second, the intensity profile was read after the distance scale was added, and the
frontier position matched. The distance data L1, L2, L3 ... were combined with the time
data T1, T2, T3 ... provided by the image-capturing software EIS-Elements, and the
superficial velocity of displacing phase was calculated as:
3.3.2. Saturation Determination. The phase saturation could be used to
determine the oil reserves before the production and oil recovery factor after the water
injection. Phase saturation in the channels in sub-micro-scale was determined by
calculation after processing the images. The procedure was demonstrated in Figure 3.4.

Figure 3.4. Saturation measurements using intensity thresholding method
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First, the area of each channels in sub-micro-scale on the X-Y axis (At) was
calculated by the original parameters that had been confirmed by the image-capturing
software: At=25*365=182500 µm2. Second, the intensity thresholding was set to select
oil phases; some weak or abnormal regions that had been left out were manually added,
and the interference of some false signals and micro-channels of the inlet and outlet side
of the channels in sub-micro-scale were eliminated. The area data of the oil phase in a
specific channel in sub-micro-scale (Ao) could then be conducted by the software, and
automatically matched with the images. Thus, the oil saturation (So) for each channel in
sub-micro-scale was determined by the ratio of the area of the oil phase to the area of the
channels in sub-micro-scale:
After the oil saturation was determined, the water phase saturation (Sw) was
calculated by (1-So).
3.3.3. Intensity Threshold Separation Calculation. During the quantification
process from imaging data to numbers, regional inequality because of the refraction of
light or a photo-bleaching effect will cause a serious error, especially on such a small
scale. The noise in a denser intensity area, like outlet main channel where all dyed phase
was at often had a stronger signal than the actual residual dyed phase in swept area with
lighter intensity. As shown in Figure 3.5, it is necessary to divide the object areas into a
few intensity homogeneity areas on account for the results to be more convincing,
considering an appropriate intensity threshold was applied to each area separately. Each
picture to be calculated oil saturation by signal intensity from fluorescence dye in oil
phase was divided into few parts according to the scenario. After dividing the picture
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fragments were readjusted on their intensity threshold to make sure that the oil phase in
darker part be counted and the noise in lighter part be diminished.

Figure 3.5. Intensity threshold separation method for oil phase recovery factor calculation

3.4. SURFACTANT PREPARATION
To compare emulsify process with different surfactants, an experiment using a
certain water-oil-surfactant ratio was conducted and observed under laser microscope. To
better simulate the emulsion active phase of reservoir recovery which usually is the
tertiary phase, 89% water together with 10% oil and 1% surfactant were mixed.
Deionized water was used to better understand the impact of surfactant itself. De-ionized
water was obtained from the Milli-Q Ultra-pure water system. ACS grade (99.9%)
decane was purchased from Fisher Scientific. All solutions were filtered by a 0.22 μm
pore size Nylon membrane prior to use. Decane with fluoresce dye Nile Red which has
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lipophilic stain and crude oil with a density of 0.929 g/ml and a viscosity of 656 cp were
used as oil phase respectively. Nile Red was purchased from Invitrogen (Grand Island,
NY) to serve as fluorescent dye at the final concentration of 100 mg/L in decane. Nile red
has very low water solubility and no fluorescence in the aqueous solution. The emission
spectra of Nile red in different solvents is showing in Figure 3.6. In non-polar solvent,
such as Hexane and Decane, the emission is around 525 nm. According to Figure
3.6,crude oil though has natural fluorescence of visible in the range of wavelengths from
450 nm to 600 nm and are typically excited by ultraviolet wavelengths of 300 nm to 400
nm.

Figure 3.6. Natural florescence of crude oil 5-8

Three surfactants were used for the emulsifier process and were chosen by HLB
value as shown in Figure 3.7. Hydrophobic surfactant Span@80 with HLB value 4.3,
wetting and spreading agents IGELPAL@CO-530 with HLB value 10.8 and extreme
hydrophilic surfactant Sodium Dodecyl Sulfate (SDS) wth HLB value 40 were added in
water and oil including decane and crude oil solution respectively.
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Confocal system was used in this section to make the observation more precisely
as well as to generate the 3-D reconstruction for residual phase distribution study. As
mentioned above, epi-fluorescence microscopy method was used for images collection.
The wavelength of the excitation light is at 488 nm and the wavelength of the emission
light is at 525 nm. FITC dichroic mirror was used to filter out the excitation light
(incident light) to reduce the background noises. All images were captured by a
Nikon TiE motorized microscope equipped with Yokagowa X1 confocal scan head and 4
lasers with AOTF control. The exposure time was set at 500 ms and data were acquired
through the Element software provided by Nikon. Confocal system provided a very sharp
focus of a specific layer with resolution of 0.2 um. Multiple layers were scanned and
constructed the 3-D image.

Figure 3.7. Surfactant selection and its HLB value
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4. MICROMODEL DESIGN AND FABRICATION

4.1. MATERIALS
The materials that have proved efficient for microfluidic device are polymers,
silicon, and glass (Ren, 2013). Unlike other micromodel experiments which do not
usually have both hydrophilic and hydrophobic fluids in contact, a solvent compatibility
test of hydrocarbon and materials needs to be considered when applied to petroleum
engineering. The cohesive energy density is often expressed in terms of the solubility
parameter, or Hildebrand value: δ = c1/2 =(-U/V)1/2 (cal1/2/cm-3/2) (Du, 1996). The
solubility parameter is useful for predicting the swelling behavior of a polymer in a
solvent without knowing any other information about the solvent. The HildebrandScatchard equation suggests that solvents with δ similar to each other will swell
effectively.
As shown in Table 4.1(Lee et al. 2003), according to the solvent compatibility test
of poly-based microfluidic chips, polydimethylsiloxane (PDMS) has a δ of 7.3 and two
hydrocarbon representatives, hexanes and n-heptane, were 7.3 and 7.4 respectively. The
similarity of the Hildebrand value of PDMS and these two light alkanes, which are often
used as a hydrocarbon phase in petroleum engineering research, indicated the swelling
potential for PDMS material. The actual swelling ratio that was measured experimentally
using PDMS microfluidic device with hexanes and n-heptane turned out to be 1.35 and
1.34, which cannot be ignored, especially when the scale and texture of the flow path are
key parameters to control. As known from the compatibility test, the surface treatment
was necessary for PDMS application on micromodels for petroleum purposes. Chemical
vapor deposition (CVD) induced layer deposition that was mostly and originally used for
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surface modification to improve the bonding process between PDMS and other material
(McDonald, 2000; Makambax, 2003; Chen, 2005) should be considered.

Table 4.1. Solubility parameters, swelling ratios, and dipole moments of various solvents
used in organic synthesis (Lee et al., 2003)
Solvent

δa

Sb

µ(D)

poly(dimethylsiloxane) 7.3

∞

0.6-0.9

hexanes

7.3

1.35

0

n-heptane

7.4

1.34

0

δa in units of cal1/2 cm-3/2. Sb denotes the swelling ratio
that was measured experimentally; S = D/D0 where D is
the length of PDMS in the solvent and D0 is the length of
the dry PDMS.

Generally, glass and silicon have been the materials most commonly used for
micromodel fabrication throughout its history for petroleum-engineering applications. In
1938, Benner (1938) used the first pore-doublet micromodel in glass because glass was
accessible, and its wettability was close to reservoir rock. Wettability alternation was
taken into consideration and implemented by Donaldson and Thomas (1971) by silicone
solution treating. Roughness as a very important parameter to a micromodel was included
by Mckellar et al (1982) while homogeneous and heterogeneous design was proposed.
Owete et al. (1987) put a layer of silicon dioxide onto a surface of silicon wafer for a
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better wettability, similarity to that of reservoir rock. Theoretically, glass and silicon are
positive to hydrocarbons, which means no reaction and swelling potential and at the same
time economical.
Thus, double-sided polished <100> silicon wafers (thickness = 250 µm) with lowstress silicon nitride (~100 nm) on both sides were chosen to be base wafer where
channels were defined using plasma etching. Pyrex and Borofloat 33 Glass with double
side polished, 60/40 scratch dig and Ra <1.5 were used for anodic-bonding with silicon
wafers for their transparency and similarity in chemical parameters.

4.2. MICROMODEL DESIGN
To better understand water and oil displacement in microscale, micromodels with
parallel channels were designed. The schematic of the entire nano-fluidic chip was shown
in Figure 4.1. The channels in sub-micro-scale in the middle were the area of observation
and the etching depth was designed to be in sub-micron in order to get a as small as
possible pore throats. At the same time, the etching width of channels in sub-micro-scale
was designed to be in microns so that it could be observed under microscope. With this
design, the depth dimension would contribute to the ‘abnormal’ flow behavior comparing
to conventional flows. Besides that, channels in sub-micro-scale were connected by two
microchannels which led to four outlets. The assembly ports were designed to attach to
the outlets and connected into fluid handling system in order to complete the flow pass
and inject water, oil and other solvent into the micromodel. To make the observation area
suitable for optical micromodel, 20 arrays of channels in sub-micro-scale were designed
which made them 1.5 mm wide.
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Figure 4.1. Top view of nano-fluidic chip

Network micromodels were designed to study sweep effiency and residual oil
distribution. The different between network micromodels and parallel channnels
micromodels was that there was network instead of channels in sub-micro-scale in the
observation area. Wu et al (2012) developed the network pattern using Voronoi
tesselation. The random patternwas was generated and designed to be an random pattern
to simulate a two-dimensional matrix in reservoir rock. Two sides of the network pattern
were connected with microchannels and the other two were designed to be dead end. The
schematic of network micromodel was shown in Figure 4.2.
For fractured micromodels, the schematic of original pattern and two fractured
patterns of the micromodels were shown in Figure 4.3. Fractured models were designed
into two pattern: one with fracture along the flow direction and the other one with
fracture perpendicular to flow direction. In order to achive that, flow direction needed to
be fixed so that microchannnels were connected to two opposite corners instead of sides
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comparing to network micromodels. The other area except the fractures were identical for
recovery factor and residual oil distribution comparison between fracture existence and
azimuth.

Figure 4.2. Schematic of network pattern in network micromodel

a

b

c

.
.

Figure 4.3. Schematic of designed micromodels: a. original network micromodel; b.
fractured micromodel with fracture along flow direction; c. fractured micromodel with
fracture perpendicular to flow direction
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4.3. MICROMODEL FABRICATION
After micromodel design, the fabrication was separated into two stages and was
taken place in Oak Ridge National Lab and Missouri University of Science and
Technology separately as shown in Figure 4.4. First, in The Center for Nanophase
Materials Sciences of Oak Ridge National Lab, designed patterns were wrote into
programs. As mentioned above, silicon wafers were prepared and put on photo-resisting
materials. Masks were developed from the programs of designed patterns and aligned
with silicon wafers using Quintel Contact Lithology Tool. Photo-resisting material at
target area was eliminated. Oxford Plasmalab 100 RIE/ICP Etcher was used for plasma
etching of the prepared silicon wafers.

Figure 4.4. The procedures and equipment used in micromodel fabrication
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For parallel linear fluidic chips, the array of channels in sub-micro-scale consisted
of 20 channels in sub-micro-scale with a dimension of 500 nm (depth) × 25 µm (width) ×
365 µm (length) built into the nano-fluidic chip. Two micro-channels with a dimension of
25 µm (depth) × 20 µm (width) × 30 mm (length) for fluid introduction were connected
to the channels in sub-micro-scale. The micro-channels were perpendicularly connected
to the channels in sub-micro-scale to avoid direct injection, and each of them was equal
in length to balance the pressure drop. The SEM figures were shown in Figure 4.5 after
channels were etched.

Figure 4.5. SEM characterization for parallel linear fluidic chip: (a)(b) top view, (c)(d)
closer view of intersection and etching depth

For network fluidic chips, the channels in sub-micro-scale had a dimension of 300
nm (depth) × 20 µm (width), and micro-channels had a dimension of 25 µm (depth) × 25

64
µm (width). Note that a large width-depth ratio was generated since a reasonable width
was needed for the visualization of fluid flow procedures under optic microscope and a
controlled depth could be used to generate the size effect that would exaggerate
unconventional results. The SEM results were shown in Figure 4.6.

Figure 4.6. SEM characterization for network fluidic chip: (a) and (b) top view without
tilting, (c) and (d) closer view of turning point and etching depth

For fractured micromodels, the channels in network area were defined with 3 µm
in width as well as 100 nm and 500 nm in depth. The microchannel had a dimension of
20 µm (depth) × 20 µm (width). Fractures were etched for 3 µm (depth) × 3 µm (width).
Each device was removed from the wafer by cleavage along crystal planes. After that,
SEM images were acquired as shown in Figure 4.7.
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After all channels were etched through certain depth, the etched silicon wafers
were cut and stored and brought to Missouri University of Science and Technology for
stage two. After cleaned with ultra-sonic and rinsed with acetone, holes were drilling
using One-beam laser drilling machine. High-voltage thermal bonder was developed and
glass chips were anodic-bonded with etched and drilled silicon chips. The front side of
each device (40 mm × 20 mm × 0.5 mm) was anodically bonded (350°C, 1 kV, 1 hour) to
Borofloat 33 Glass with double side polished, 60/40 scratch dig and Ra <1.5. In order to
maintain the surface conditions of the sub-micro-scale channels, the whole nano-fluidic
chip was rinsed by lab reagent water, methanol, and nitrogen gas prior to use.

Figure 4.7. SEM characterization for fracured micromodels: a. top view of microchannels
and network channels in sub-micro-scale and b. closer view of network channels in submicro-scale
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5. CONFOCAL MICROSCOPE APPLICATION FOR TIGHT SANDSTONE
THIN SECTION

5.1. BACKGROUND
Confocal microscopy is an optical imaging technique and its principle was
patented early in 1957 by Marvin Minsky. The technique was first brought to petroleum
industry by Li and Wan to investigate the equilibrium asphaltene particle shape, size and
size distribution and then to describe the characteristics of brine-in-bitumen emulsions. In
a case study of shale reservoirs, Hampton et al.identified micro fractures and gas
desorption by using confocal microscopy. Ibrahim et al. showed the fast and accurate
method with confocal microscopy to measure pore-body and pore-throat size
distributions then simulated capillary pressure curves. Shah et al. used confocal laser
scanning microscopy as one of the tools to predict porosity and permeability of carbonate
rocks.
The material for this study was thin-sections from rock sample. Tight sandstone
sample was fabricated into thin-section with thickness of about 30um with pores filled
with epoxy. According to the different natural fluorescence of different mineral
components and epoxy, confocal microscope with for different lasers was used for image
capture and 3D reconstruction. DAPI, FITC, Texas Red and CY5 were used for analyze.
Figure 5.1 shows the object area of the thin-section based on a polarized microscope
image. The image was marked by four different object areas which including some most
majority or important mineral components: epoxy, iron oxide, cement and crushed
cement.
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Figure 5.1. Polarized microscope image of rock thin-section marked with object areas of
confocal study. 1).Epoxy, 2).Iron Oxide 3).Cement 4).Crushed cement

5.2. RESULTS AND DISCUSSION
All four objective areas were observed with optical microscope and laserconfocal-microscope. Two-dimensional and three-dimensional images were observed
thanked to the natural fluorescence existed in mineral components.
5.2.1. Epoxy. Epoxy was used to fill into the pore spaces to maintein pore
structures without being damaged during the thin-slice-cutting processes. Original pore
structures could be determined by observing epoxy under microscope. Figure 5.2 shows
the epoxy filled pores in rock sample under an optical microscope. Figure 5.3 shows the
images generated by natural fluorescence of mineral components and epoxy under four
different lasers.
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Figure 5.2. Epoxy (blue) filled in pores of rock sample

Figure 5.3. Natural fluorescence of epoxy under four different lasers: a). CY5 b). FITC
c). DAPI d). Texas Red
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Notice epoxy had strong natural fluorescence except for Texas Red. Within laser
CY5, a very clear boundary and tiny pore throat around 5 to 10um could be observed.
DAPI showed a fairly good image of epoxy although with some impurities which were
speculated as metal oxides comparing to CY5. FITC meanwhile generated an even less
strong signal than DAPI as well as other objects such as metal oxides.
Combining all four different imaging together we got Figure 5.4 showed below.
The epoxy was highlighted by multiple excitation light. Figure 5.5 indicated the 3D
reconstruction of the different focus of depth by confocal system.

Figure 5.4. Combined result of excitation light of four different lasers of epoxy in thinsection
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Figure 5.5. 3D reconstruction of epoxy in thin-section

5.2.2. Iron Oxide. Other than epoxy, another important and dominant component
that was observed was iron oxide showed in Figure 5.6. Iron oxide appeared to be dark
colored and existed in either edge of pores or somewhere between the quartzes.

Figure 5.6. Iron oxide (dark colored) in thin-section
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Four lasers were used for a natural fluorescence test of iron oxide as showed in
Figure 5.7 and Figure 5.8 and Figure 5.9 indicated the combined image of different lasers
and 3D reconstruction of iron oxide fluorescence imaging respectively.

Figure 5.7. Natural fluorescence of epoxy under four different lasers: a). CY5 b). FITC
c). DAPI d). Texas Red
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Figure 5.8. Combined result of excitation light of four different lasers of iron oxide in
thin-section

Figure 5.9. 3D reconstruction of iron oxide in thin-section

Notice iron oxide didn’t show any quality of natural fluorescence using the four
lasers. Only some cement-like components on the side of the iron oxide were excited by
the emission light.
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5.2.3. Cement. To understand the natural fluorescence of the tight sandstone
better, Figure 5.10 showed the imagecapturing of cement-like minerals in object area of
thin-section.

Figure 5.10. Cement in thin-section

Figure 5.11 showed the natural fluorescence of cement under four different lasers
which all led to a promised result. By comparing Figure 5.11 and Figure 5.3, a conclusion
could be made that CY5 had the best fit of the emission and excitation wavelength of
epoxy for it showed a solid image of epoxy as well as a clear capture of tiny pore throat.
FITC and DAPI could be a good choice when it came to cement or sometimes epoxy.
Texas Red at the same time could be used for a good cement indicator because of its
insensitivity with the epoxy.
Figure 5.12 and 5.13 showed the combined image of four lasers and the 3D
reconstruction of object area of cement
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Figure 5.11. Natural fluorescence of cement under four different lasers: a). CY5 b). FITC
c). DAPI d). Texas Red

Figure 5.12. Combined result of excitation light of four different lasers of cement in thinsection
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Figure 5.13. 3D reconstruction of cement in thin-section

5.2.4. Crushed Cement. Another interesting mineral component within the thinsection was found and showed below in Figure 5.14. It looked like a crushed cement
depending on its color. It existed between the quartzes and had some natural fluorescence
quality which was showed in Figure 5.15.

Figure 5.14. Crushed cement in thin-section
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Figure 5.15. Natural fluorescence of crushed cement under four different lasers: a). CY5
b). FITC c). DAPI d). Texas Red

From Figure 5.15 we can see that different from Figure 5.11, FITC and DAPI
didn’t have a good excitation light while CY5 and Texas Red both gave a better result.
The honeycomb display using CY5 indicated the mixed texture within the crushed
cement area. Figure 5.16 showed the combined image of four lasers of crushed cement
area and 3D reconstruction of the area was showed in Figure 5.17. The combination
image of four lasers made up an excellent restore of the original optical image.

5.3. SUMMARY
From all the optical and confocal microscope analyze of four different object
areas, we can conclude that CY5 can serve as an excellent epoxy indicator which in this
case the pore space indicator with the resolution of as small as several micrometer. FITC
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and DAPI can be used as an auxiliary lasers to analyze pores and cement. Texas Red can
serve as a great cement indicator because of its low sensitivity of epoxy. Iron oxide which
is a major component of tight sandstone thin-section cannot be well determined by lasers
but can be easily recognized by optical or polarized microscope.

Figure 5.16. Combined result of excitation light of four different lasers of crushed cement
in thin-section

Figure 5.17. 3D reconstruction of crushed cement in thin-section
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6. FLOW PATTERNS OF OIL-WATER TWO PHASE FLOW DRUING
PRESSURE DRIVEN PROCESS IN SUB-MICRO-SCALE FLUIDIC CHIPS

6.1. BACKGROUND
The study of oil and water two-phase flow patterns started with the use of a 1-inch
pipeline. Most flow pattern studies since then have focused on either a transparent
centimetre-scale pipeline or the influence of different transportation media materials and
inclinations. Because of the larger space of the transportation media, stratified and
dispersed flow patterns were observed. In addition, when the Reynolds number was
larger than 4000, turbulent flow occurred. Flow patterns in a rectangular microchannel
with a width of 300 µm and a depth of 600 µm were obtained using a CCD camera. To
study the formation mechanism of a slug, monodispersed droplet and droplet populations,
Weber numbers of water and kerosene were calculated to predict the flow-regime
transition and flow-pattern map.
Sub-micro-scale fluid flow behaviour was studied during recent years using either
nanotubes or nanopipes that showed a much faster breakthrough than would be predicted
from conventional theory which also referred as frictionless transport. In this work, the
Reynolds number varies from 1.2 *10-6 to 8.9 *10-5, and only piston-like displacing
occurred, because of the extremely small media size. The Weber number was not
applicable here because of the lack of discrete phases, such as slug or monodispersed
droplets. In these circumstances, the velocity profile, by demonstrating frontier velocity
at the specific position of the channels in sub-micro-scale, was used to determine flow
pattern, together with a visualized image of flow behaviour. Flow patterns of both
drainage and imbibition processes were detected in water-wet fluidic chips.
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As mentioned before, the pore size of an unconventional reservoir usually fell into
10 to 1000 nm. In theoretical predictions, 300 nm to 500 nm is the scale that lies in
between micro-scale and sub-micro-scale. The transition zone can be viewed as a grey
area where molecular interactions started to dominate instead of slippery theory. As
raised by Bocquet, molecular length, electrostatic length and slip length were
summarized by the dimension from nanometre to micrometre. Specific effects will show
up when one of these lengths will compare with the pore width. Furthermore, particular
effects should also occur when two of these lengths become comparable, independently
of the confinement.

6.2. RESULTS AND DISCUSSION
During the injection, photos were taken by the camera every few seconds to
output the images and data to the software. After gathering all the data of the oil phase
frontier position and time, velocity was calculated.
6.2.1. Oil Displacing Water. The drainage flow behaviour study was conducted
in parallel linear channels in sub-micro-scale. After the fluidic chip was cleaned and
saturated with water, oil was injected into the model from one inlet with a constant flow
rate of 0.05 ml/hr. Because of the limitation of the injection pump and the extremely
small capacity of the channels in sub-micro-scale, even under a flow rate of 0.05 ml/hr
directed through the channels in sub-micro-scale, a breakthrough by the oil would take
place within less than several milliseconds. Thus, for better observation and control of the
flow process, three other inlet and outlet pores were kept open to avoid a sudden build-up
of pressure. In this condition, the injection pressure continued to increase at a rate about
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0.06 psi/min. The first channels in sub-micro-scale started to flow at 42.7 psi, and the
breakthrough time for each channel in sub-micro-scale ranged from 14 min to 20 min.
Calculations show that for a single channels in sub-micro-scale, the pressure change
during the entire oil breakthrough time ranged from 0.84 psi to 1.2 psi. The deviation,
compared to the original pressure, was from 1.97% to 2.81%. Therefore, we assumed that
the pressure did not change during each channel in sub-micro-scale’s breaking-through
process. The six channels with the most representative velocity curves were obtained, as
shown in Figure 6.1. It should be noted that there are six different velocity curves in
Figure 6.1. All channels were observed to have an increasing velocity of oil phase
frontier, except channel e.

Figure 6.1. Velocity of oil phase frontier as function of oil phase frontier position from
channels in sub-micro-scale entrance
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The reason is that decane has a smaller viscosity than water; therefore, the further
the frontier, the more saturated the decane, and the less the mixture viscosity. In order to
explain the differences among the velocity profiles, the time-sequence of each channels
in sub-micro-scale from “a” to “f” (listed in Figure 6.1) was shown in Figure 6.2. The
flow pattern was clear, with the help of the confocal scanning microscope technique. For
the two-dimensional perspective, the focal plane was set at the middle layer of the
channels in sub-micro-scale area, which had the strongest signal intensity. As shown
below, all the displacing processes were “piston-like”, which means there is only one
interface between oil and water, and, after the oil breakthrough, the residual water
saturation hardly changes. This phenomenon was mainly caused by the small etched
depth which was 500 nm. Under such small depth of the channels in sub-micro-scale,
channels had a large width-depth ratio and could be considered as two-dimensional flow.
The observed phenomena of all flow patterns that was different than conventional flow
patterns were under effect of the small channel depth.
The optical images of the time sequence of six channels are displayed in Figure
6.2. Figure 6.2 (a) shows a perfect “piston-like” displacing, which leads to a relatively
stable speed of oil frontier, and a smooth acceleration at the last. For channel “b”, there
was a slight and sudden acceleration at 120 µm. Compared to Figure 6.2 (b), the optical
image for channel “b” shows a residual water drop as an arrowed stick to the channel side
wall, which leads to the shrinking of the flow area, and the enlargement of the flow
superficial velocity.
In Figure 6.2 (c), before the oil-water interface proceeded to the end, an oil slug
appeared from the outlet side of the channels in sub-micro-scale, as arrowed. The oil slug
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did not change or move until the major oil phase reached the distance of 300 µm, and
suddenly merged with the oil slug and broke through, like a linking procedure. The oil
slug might be caused by the backflow of the oil coming from other channels in submicro-scale. Furthermore, we noticed that during the merging process, the oil phase left a
strangely-shaped residual water area, which can also be called an unswept zone. Unlike
other residual water, the one in channel “c” might be caused by the increasing superficial
velocity when it was unsteady; after some time, when it had been swept, the residual
water disappeared.

Figure 6.2. Optical flow pattern under time sequence for the six most representative
velocity profile curves: (a) Normal piston-like flow; (b) Residual water drop; (c) Linking
flow; (d) Larger residual water drop; (e) Residual water bubble; (f) Entrance residual
water and multiple residual water drop
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In Figure 6.2 (d), a huge residual water drop occurred at 150 µm. The flow path
for the oil phase became very small, which made the oil phase reach a very high
superficial velocity to get to the end. There were a few differences between channels “d”
and “c”, including the shape of the residual water drop and the stability of the residual
water. For channel “d”, the water drop appeared to be sharp at the front and narrowing at
the back. According to Newton’s second law of motion, the net force acting on the fluid
particle, which was the pressure multiplying the area, in this case, must equal its mass
times its acceleration. Therefore, having assumed a steady flow beyond the point of the
smallest flow area, which means the pressure does not change with time at a given
location, each particle slides along its path and its velocity vector is everywhere tangent
to the path. The lines that are tangent to the velocity vectors throughout the flow field
will form so-called streamlines, which are shown as the narrowing-back of residual
water. Hence, channel “c” might be the condition that velocity changing caused lower
swept efficiency and remaining water, whereas channel “d” might be the condition that
velocity changing was caused by flow area reduction as a result of residual water.
The velocity profile of channel “e” in Figure 6.1 is different from the other
profiles. The velocity started to increase at 200 µm, then drop at 300 µm. According to
Figure 6.2 (e), the oil phase frontier encountered a medium water drop, which caused the
increase of velocity. Then, after 50 µm, the oil phase went around the residual water and
cut off the connection between the residual water and the side wall, to make the residual
water a slender-shaped bubble. As a result of the inclination along the direction of liquid
movement and reduction of size, the water bubble could hardly serve as an effective
resistance. The velocity went down so that the velocity profile completed a peak value.
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The curve indicates that the fluid flow on a micro- or sub-micro-scale can be affected by
residual phase saturation, as well as residual phase configuration.
Figure 6.2 (f) shows that residual water exists at the entrance of channel “f”,
which leads to the higher starting velocity. The velocity profile curve increased twice as
the oil phase frontier encountered small and large amounts of residual water, respectively.
6.2.2. Water Displacing Oil. After all channels in sub-micro-scale broke through,
the oil phase was kept injected until residual water saturation stopped changing. Water
injection then began from the same inlet as oil injection.
Since the wettability of the fluidic chip was water wet, the injection rate of water
reduced to 0.02ml/hr. Two major flow patterns were summarized in Figure 6.3. Figure
6.3 (a) showed the most common flow pattern of water displacing oil which was ‘pistonlike’ displacement with single and clear interface. However, compared to oil displacing
water process, the shape and velocity of the interphases had less regularity in water
displacing oil process which made it hard to build velocity profiles. The reason for it was
the spontaneous flow of the wetting-phase water, the heterogeneous inner surface of
channels after the oil soaking, and the asymmetric distribution of residual water.
Other than ‘piston-like’ flow pattern, an interesting phenomenon was observed as
shown in Figure 6.3 (b) which provided a new flow pattern about the fading-out of the
non-wetting phase, which is oil. First, the water frontier started to move to a distance of
about 50 µm; after that, the reduction of the signal strength or at this case the reduction of
the oil phase was started while the interface between water and oil remained at the same
position until all the oil phase disappeared from the channel. Since the interface didn’t
change or move during most of the displacement, oil phase seemed to ‘fade out’ of the
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channel. A possible explanation is that for the imbibition process, the wetting phase
might form an extra thin layer along the wall that will break through before the frontier.
Therefore, after forming the water layer, the oil layer got thinner and thinner, which led
to the weakening of the signal strength and then the fading-out.

Figure 6.3. Optical flow pattern under time sequence for water displacing oil: (a) Typical
displacing; (b) Fading out

6.2.3 Injection Pressure and Recovery. The relationship between pressure and
the oil recovery factor was studied, using network fluidic chips with a 300-nm depth of
channels in sub-micro-scale. Images captured by computer for oil recovery under
different injection pressures are listed in Figure 6.4. Three sets of experiments were
conducted using identical network fluidic chips and the average recovery factor and its
relationship with injection pressure was calculated and is shown in Figure 6.5.
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Using the intensity threshold separation method for the dyed-phase percentage
quantification, remaining and residual oil could be identified accurately. With the outlet
microchannel opened to air, the outlet pressure should be considered as 14.7 psi, or 0
psig, while the injecting pressure was controlled from low to high. As a result of the
design of the long main channel (about 2 cm), a relatively small sub-micro-scale network
area (less than 1 mm), and the fact that the network area was placed in the middle of both
main channels, the actual flow pressure for the channels in sub-micro-scale would be
calculated as injecting pressure in psig divided by 2.

Figure 6.4. Oil recovery under different injecting pressure from (a) through (e): 130, 140,
155, 183, 195 psig respectively
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A worth noting phenomenon was observed that a large entrance pressure of about
65 psi was needed for the chips. Water would only flow through the inlet main channel,
and not go into the sub-micro-scale network area until the entrance pressure was reached.
This is different from the conventional situation, considering silicon and glass are both
intermediate-wet to water-wet materials, and capillary force should be positive for water
to flow into the sub-micro-scale area, which indicates that some structural force may have
occurred at the intersection of main channels and channels in sub-micro-scale that
overcame the capillary force sufficiently to create an entrance pressure. Although deionized water was used, potential surface charges would still bring electrostatic forces.
Molecular forces which come from the solid surface of the intersections between the
main channel and network channel, as well as from the liquid interface between oil and
water, together with electrostatic forces formed a friction force for the flow.

Figure 6.5. Recovery factor for network fluidic chips under different pressure
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6.3. SUMMARY
The two-phase flow of oil and water through well-defined channels in sub-microscale with a depth of 300 to 500 nm has been demonstrated using a confocal microscope
imaging system. Velocity profile curves and time-sequenced optical images of oil-water
flow patterns and recovery factors under different injecting pressures were developed.
For parallel linear fluidic chips, during the drainage process, liquid tends to be piston-like
flow under micro and sub-micro-scale, unlike fluid flow patterns in larger scale such as
pipelines and micro-tubes. Under the experimental conditions, existence of residual water
during the displacing process will increase the superficial velocity, while the increase in
velocity caused by other situations (e.g. linking flow) may produce remaining water.
Both residual-phase saturation and configuration affect the flow behaviours under smaller
scale. During the imbibition process, a “fading-out” phenomenon was observed,
indicating the wetting phase formed an extra thin layer of water along the wall that would
break through before the interface disappeared. For network fluidic chips, large entrance
pressures were observed even when capillary force was positive for the fluid flow,
indicating that for sub-micro-scale channels or the transition zone between micro-scale
and sub-micro-scale channels complex friction resistance including molecular and
electrostatic forces will dominate the flow behaviours.
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7. SURFACTANT SCREENING BY EMULSION MORPHOLOGY USING
LASER-CONFOCAL-MICROSCOPY

7.1. BACKGROUND
Emulsions are dispersions of one liquid phase in the other which can be found in
many scenarios of studies such as electronics, biomedical, aerospace, pharmaceutical
industries. In energy territory, oil and water emulsion are mostly discussed and mainly
related to recovery improvement especially for heavy oil recovery. Emulsion constitution
are caused by water-oil ratio, surfactant proportion, surfactant characteristics,
environment condition which includes temperature and pressure, micro-scale interaction
such as mixing method and shearing strength and can lead to different emulsion features
which have effects on recovery of heavy oil.
Surfactant EOR reduces residual oil in the swept area and improves the ED by
reducing the capillary and IFT between oil and water. Surfactants can be injected either
from an injection well (called flooding) or a production well (called huff-puff or
soaking). The major problem with surfactant injection is that the surfactant primarily
enters fractures or super-permeable zones/streaks, which will cause it to break through
early or have little opportunity to enter low-permeability zones or matrix to clean the
large amount of oil remaining there.
Recent studies have shown that the EOR mechanism behind this method for
heavy oil also contributes to a significant oil viscosity reduction resulting from the
formation of W/O emulsions. One concern regarding the emulsification method is the
emulsion stability. However, it has been reported that some nanoparticles, such as CABO-Sil®TS-530, can be used to stabilize the emulsion. Several pilot tests have shown that
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surfactant flooding can increase oil recovery by 10 to 20% after water flooding.
However, early surfactant breakthrough often can occur due to flow short-circuiting. This
occurs because surfactant flooding is always performed in mature oilfields where
reservoir heterogeneity has been aggravated due to previous oil production and water
injection. Early breakthrough wastes surfactants and increases lifting costs.

7.2. RESULTS AND DISCUSSION
Surfactants with different HLB were first analysed by morphology with their
dispersed phase size distribution. A capillary test was then conducted to ensure the
emulsify process during injection in lab condition.
7.2.1. Emulsion Characterization. As mentioned before, three surfactants were
used for the emulsifier process. Hydrophobic surfactant Span@80 with HLB value 4.3,
wetting and spreading agents IGELPAL@CO-530 with HLB value 10.8 and extremely
hydrophilic SDS wth HLB value 40 were added in water and oil including decane and
crude oil solution respectively. After a 2-week period sitting in room temperature,
emulsion types were showed in Figures 7.1 and 7.2.
From Figure 7.1, notice with the water-oil ratio of 85:10 the hydrophilic
surfactant Span@80 with HLB value around 4 gave a Winsor Type 3 emulsion for both
decane and crude oil. Phasing split was clear and a 3-layer emulsion system was built.
Upper layer oil and lower layer water were relatively clear however were recognized as
turbid. The middle layer was clearly emulsion and were sampled and observed under
laser microscope. Another combination of water-oil ratio was conducted with 75% oil
and 20% water instead of 85% water and 10% oil. Deionized water was used to better
understand the impact of surfactant itself. De-ionized water was obtained from the Milli-
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Q Ultra-pure water system. ACS grade (99.9%) decane was purchased from Fisher
Scientific. All solutions were filtered by a 0.22 μm pore size Nylon membrane prior to
use. Crude oil was used as oil phase with natural fluorescence of visible in the range of
wavelengths from 450 nm to 600 nm. Two surfactants were used for the emulsifier
process. Hydrophobic surfactant Span@80 with HLB value 4.3 and extreme hydrophilic
surfactant SDS) wth HLB value 40 were added in water and crude oil solution,
respectively. After a 2-week period sitting in room temperature, emulsion types were
showed in Figure 7.2.

Figure 7.1. Emulsion types using decane and crude oil together with different surfactants

Figure 7.2. Emulsion types using water and crude oil together with different surfactants
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7.2.2. Emulsion Morphology Observed Under Laser Microscope. For the
emulsion mixture by Span@80 with both decane and crude oil, the results were shown in
Figure 7.3. Because the dyed decane and natural fluorescence of crude oil, oil phase was
displayed as colored phase in the results. Water on the other hand showed no
fluorescence at all and stayed black. Figure 7.4 shows poor distribution in both
hydrocarbon mixtures. With the limitation of the resolution of microscope and camera,
the observed droplets diameter varied from several micrometers to over a hundred
micrometers. At the same time, a clear water in oil in water (W/O/W) emulsion was
observed in decane mixture.

Figure 7.3. Microscope image of middle layer using surfactant Span@80 with (a) decane
and (b) crude oil
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Figure 7.4. Bicontinuous water and oil phase using IGEPAL@CO-530 and (a) decane
and (b) crude oil

IGELPAL@CO-530 is a wetting and spreading agents with HLB value of 10.8
and neutral in hydrophilic and hydrophobic performance. The emulsion was very stable
using both decane and crude oil. The samples under microscope then showed a typical bicontinuous phase of oil and water as Winsor Type IV emulsion in Figure 7.4. Even
though water-oil ratio was 85:10, the oil phase tended to be a continuous phase instead of
dispersion. For Figure 7.4 (a), the interface of water and oil was not very smooth with
small dispersions in or under micro-scale.
For the extreme hydrophilic surfactant SDS, Winsor Type I emulsion was formed
with upper layer of hydrocarbon mostly and lower layer of oil in water emulsion. The
lower layer was sampled and put under laser microscope as shown in Figure 7.5. Notice
the oil dropper size was smaller and more organized than the mixture of decane and
Span@80.
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Figure 7.5. Oil in water emulsion with SDS and (a) decane and (b) crude oil

As for 85:10 oil to water ratio emulsion, it was hard to tell the Winsor Type
because of the dimness of the majority of crude oil for hydrophobic surfactant Span@80.
Either Winsor Type I or Winsor Type IV was formed due to the colored lower phase
which indicated either surfactant-rich water phase (Winsor Type I) or bicontinuous phase
of oil or water (Winsor Type IV). Hydrophilic surfactant SDS though displayed a more
lucid lower phase still colored enough for the suspicious of surfactant-rich water phase. A
test then was conducted by picking solvent sample from upper phase and imaging the
sample by laser microscope as showed in Figure 7.6.
From Figure 7.7, notice that water dispersed phase or to say the black colored
phase existed as the upper phase of emulsion. Therefore, a Winsor Type II seemed to be a
better explanation for this emulsion. Another interesting part of this Winsor Type II
emulsion was that some optical oil droplets were found within dispersed water drops
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which made it an oil-in-water-in-oil emulsion (O/W/O). Comparing to the results before
shown in Figure 7.3 (a), instead of O/W/O emulsion, W/O/W emulsion was formed using
same surfactant Span@80 but with different water-oil ratio and oil type.

Figure 7.6. Microscope image of upper layer using surfactant Span@80 with crude oil

7.2.3. Quantitatively Measurement of Dispersed Phase Under Laser
Microscope. NIS-Elements AR software was used for image processing and numerical
measurement. All information was included because the images were first transferred
from the microscope and camera then captured by NIS-Elements AR so that there was no
information lost or misplacing due to the transform of image format. An example was
showed in Figure 7.7 using the laser microscope result from water-oil ratio 85 to 10 with
decane and 5% of SDS as surfactant.
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Figure 7.7. Threshold methods for image quantification: (a) Microscope image of
emulsion using surfactant SDS with decane and the measurement of droplets threshold
(b) Automated measurement of region of interest using intensity threshold from 142 to
172 (c) Automated measurement of region of interest using intensity threshold from 172
to 215

Automated measurement was taken by software using thresholding method.
Certain intensity of colored phase (oil) was chosen as region of interest (ROI) which was
framed and labeled. Then the data acquisition was generated and could be exported into
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data file including the information of objective ID, area and mean intensity of certain
laser.
During the automated measurement procedure though some intensity difference
introduced issues were revealed. Due to the intensity difference caused by the intensity
binary effect and diffraction effect of a single larger droplet or the area of high density of
droplets, one standard of intensity threshold could not efficiently select all prospects.
Thus a threshold partition method was developed to eliminate such error as showed in
Figure 7.7 (b) and (c).
Notice the intensity profile had a peak value at a low intensity area which
indicated the noise. Slightly right of the noise peak there was the target intensity with the
peak value at about 160. By dividing target intensity into two parts range from 142 to 172
and 172 to 215, two automated measurements were generated as Figure 7.7 (b) and (c).
Notice from Figure 7.7 (b) after ruling out the noise intensity, relatively low intensity led
to a broader ROI selection which could be told from the selection of the signal-weaker
droplets from downer part of the image; the framed part, however, exposed the limitation
of the lower intensity threshold which was the indistinct of high intensity part. The reason
for it would be the intensity binary effect and diffraction effect of the larger droplets and
denser distribution of that part introduced relatively high intensity noise between
different droplets which bonded the area into one large ROI. This problem could be
easily solved by increasing the intensity threshold to 172 to 215 as shown in Figure 7.7
(c). Higher minimum intensity diminished the noise mentioned above and high intensity
area presented a good distinction among different droplets. However, as expected the
issue that the framed low intensity area would be left out somehow. After all ROI area
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and intensity data were generated and exported to data analysis software, a rule out was
conducted using the maximum and minimum droplet size that could be observed as
showed in Figure 7.7 (a). Any area data larger than the maximum limit and smaller than
minimum limit would be ruled out as recording error.
The combination of the two intensity threshold management would be appropriate
for a relatively accurate evaluation of dispersed phase size distribution for two following
reasons: 1) intensity range could be manually set for the threshold partition method,
double counting error could be abated without overlap of intensity range; 2) threshold
partition method divided intensity range into higher and lower two parts which targeted
high and low intensity zones, the complementarity of the two set of data would provide a
more comprehensive result when put together after ruling out process.
Maximum and minimum droplets size threshold were calculated using diameter of
55.43 um and 6.75 um respectively from Figure 7.7 (a). The ruling out limitation would
be 47 um2 to 2409 um2. After ruling out process there were 284 set of ROI data persisted
out of 603 set of original data for intensity range of 172 to 215, that was, the dispersed
droplets with higher intensity while 85 out of 289 set of data were used for further
calculation for intensity range of 142 to 172, also known as the lower intensity dispersed
droplets. Combination of the two parts gave a more convincible and reliable data set.
Four different emulsions were measured numerically using intensity threshold partition
method and results were given from Figure 7.8 to 7.11 representing 85% water, 10%
decane and 5% Span@80, 85%water, 10% decane and 5% SDS, 85% water, 10% crude
oil and 5% Span@80, 85%water, 10% crude oil and 5% SDS respectively.
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Notice all four emulsions had dispersed phase size fall in normal distribution with
very good regression fit and all four emulsions had only more than half of the complete
wave profile due to the resolution of microscope, camera and graphic of computer. Signal
strength was also a limitation for tiny droplets of dispersed phase to be observed in which
dye strength and stability was the limitation for decane and weak natural florescence
material was the limitation for crude oil. By fit of Gauss bell curve regression whole
normal distribution could be predicted and average and standard deviation could be found
in Table 7.1 below.

Table 7.1. Morphology analysis of size distribution in different emulsions
Emulsion

Intensity

composition

control

Decane+Span

Size, µm2
Maximum

Standard
deviation

Minimum

Average

201-238-292 54781

109.3

732.3

1839

Decane+SDS

142-172-215 2409

47

404.9

421

Crude oil+Span

161-244-322 1065

2.26

16.8

34.3

Crude oil+SDS

114-130-177 5097

3.36

157.9

512

According to four different emulsion composition, the corresponding intensity
control indicating the classification of intensity threshold partition method, maximum and
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minimum size of the dispersed phase, average size of dispersed phase and standard
deviation of all size data after ruling out process were displayed in Table 7.1.
Intensity control range indicated the consistency of colored phase signal. From
Table 7.1 it was concluded that despite decane and crude oil have different fluorescent
characteristic, in which one was by adding fluorescent dye and forming simple organic
chain and the other one was by consisting materials that contained natural fluorescence,
hydrophilic surfactant Span@80 would lead to a much poorer organized signal strength
reflected by the significantly larger intensity control range. Two reasons might be the
case here: 1) HLB value at 4 shows a very strong hydrophobic feature which might lead
to a weaker bonding effect with water phase; 2) as mentioned above, W/O/W and O/W/O
emulsion were formed using Span@80 surfactant, it would certainly have some influence
on color intensity controlled image processing method.
Average size of four emulsions showed the trend that decane could form some
larger droplets while crude oil droplets were smaller. Introducing maximum and
minimum size difference and standard deviation difference of four emulsions, a
conclusion could be made that with exposure of extreme hydrophilic surfactant,
emulsions with decane and crude oil displayed totally different performance. Decane
formed W/O/W emulsion with the greatest standard deviation indicating the high
diffusivity of light oil and neutral surfactant Span@80, compared to negative charged
surfactant SDS which could constitute a more aggressive coalescence of dispersed phase.
7.2.4. Emulsify Process Using Capillaries. To better understand the structure or
emulsion forming process under real reservoir with fluid dynamic shear process, a set of
experiments were conducted using micro-tube with a diameter of 75 um. The procedures
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were showed in Figure 7.12. First two windows were opened by melting the surface
material at the entrance and somewhere in the middle of the micro-tube. Transparent
micro-tube glass was used to put under observation of confocal laser system. It helped us
to monitor the residual oil in entrance window and to monitor emulsion forming and
flowing in the second window. Then crude oil was injected into the micro-tube.
Deionized water was first used to displace the crude oil and images were taken over the
second window along time which was showed in Figure 7.13.

Figure 7.12. Procedures of surfactant flooding using two-window micro-tube

From the statistic residual oil configuration, the contact angle was measured to be
84̊. For this intermediate-wet micro-tube the tubular flow at first was observed with some
oil film like continuous phase flowing in the center. Later residual oil drops were
appeared on the surface and wouldn’t change after a half-hour injection. After water
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flooding, the confocal images of entrance window were taken and 3-D reconstruction of
residual oil distribution was generated as Figure 7.14.

Figure 7.13. crude oil water flooding process and the residual oil caused by high oil
viscosity

Figure 7.14. 3-D reconstruction of residual oil distribution after water floodind
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Notice that most of the residual oil was attached to the corner of the squareshaped micro-tube due to the high viscosity of crude oil as well as interfacial tension
difference caused by the shape of micro-tube.
Surfactant flooding was conducted after water flooding. 1% SDS surfactant
solution was used as the displacing phase. Images were taken at the second window
during the surfactant injection process showed in Figure 7.15. Clear dispersed oil drops
were spotted flowing through the tube. Residual oil at the inner wall surface formed oil in
water emulsion and reduced a lot.

Figure 7.15. Oil emulsion forming and flowing within micro-tube using 1% SDS
surfactant

After the surfactant injection, entrance residual oil was captured and showed in
Figure 7.16. Notice drops of residual oil were disappeared; instead a continuous phase
with weak signal strength was formed. The colored signal strength indicated dispersed oil
phase. The diameter of dispersed oil drop should be less than several micrometers to beat
the limitation of resolution of the confocal system. Nitrogen was injected after surfactant
flooding and Figure 7.16 (b) showed the result after gas flooding. No signal or no oil
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phase was left at the entrance window which indicated an almost 100% recovery of crude
oil using surfactant and then gas flooding. The reason for it might be the simple and
straight-forward structure of micro-tube with tortuosity of 1.

Figure 7.16. Entrance image: (a) after surfactant flooding and (b) after gas flooding

7.3. SUMMARY
Emulsion morphology was determined using decane and crude oil with different
surfactants sorted by HLB value. Different Winsor Type were achieved using different
water to oil ratio and surfactants with different HLB values and were also observed using
laser microscope. Water in oil, oil in water, water in oil in water, oil in water in oil
emulsion morphologies were inspected. Quantitatively measurement of dispersed phase
was conducted using software with certain combination of surfactant, oil and water. A
threshold partition method was developed for more precise emulsion size and density
distribution analysis. Optical flooding tests using water, surfactant and gas were observed
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under confocal and laser system. Emulsion forming and transporting process was
observed and a significant improvement on heavy oil recovery using micro-tube was
obtained.
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8. OIL RECOVERY FACTOR AND RESIDUAL OIL DISTRIBUTION
ANALYSIS USING FRACTURED MICROMODEL

8.1. BACKGROUND
Natural fractures were observed in most shales and had been discussed as one of
the most important factor in oil and gas production. Current methods of shale reservoir
production depend on multi-stage hydraulic fracturing or hydrofracs in horizontal
wellbores. Individual wells may require from 5 to 12 or more hydrofrac stages and the
horizontal length may extend up to 10,000 ft. The hydrofracs require large volumes of
fresh water, ranging from 2 to 10 million gallons per well. One of the important
characteristics of shale gas plays is the degree of brittleness in the shale.
Shale with the desired degree of brittleness can be artificially fractured to create
induced permeability which allows gas to flow. Since the distance a single hydraulically
induced fracture can extend is limited, multi-stage fractures are required throughout the
length of the horizontal borehole to access the maximum formation surface. Some shale
is too plastic or ductile to allow hydraulic fracturing and can’t accommodate induced
fractures to increase permeability.
Since 2007 the focus of shale gas production has shifted from exploration to
economic management of water resources necessary for hydrofracing. Because of the
large volumes of water required to hydrofrac individual wells, the withdrawal from
surface water and aquifers has taxed the water resource availability in many areas. Shale
gas operators find themselves in competition with agriculture, municipalities and other
industries for water. In addition, some 40% or more of the slick water is returned to the
surface as frac-flowback water, requiring disposal. An entire research and service
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industry has developed around the shale gas industry to manage water handling issues.
Traditional disposal methods relied primarily on reinjection wells, requiring massive
transportation efforts.
In this work, a lab-on-chip approach for the direct visualization of the water/oil
flow in micromodels was developed. Fracutres with different azimuth, along flow
direction and perpendicular to flow direction, were designed for micromodels and
fabricated by lithology method using plasma. Combined with laser-confocal-microscope
system and fluid handling system, water/oil flow and surfactant flooding were monitored
and analyzed with camera and software. The comparison of oil recovery factor and
residual oil distribution were acquired between micromodels with matrix etching depth of
500 nm and 100nm, also between different fracture azimuth and between before and after
surfactant flooding.

8.2. RESULTS AND DISCUSSION
After original and fractured micromodels were fabricated and bonded with glass
wafers, assembly ports were attached to the whole area in order to connect etched
network with fluid handling system which in this work would be syringe pump. After the
micromodels were cleaned and rinsed by reagent water, methanol, and nitrogen gas,
deionized water was first injected until the pores were 100% filled with it. Then, decane
with Nile Red as fluorescent dye was injected until no more water was collected from the
outlet channel. The micromodels then would be saturated with decane and irreducible
water
8.2.1. Fracture Existence and Azimuth Effect on Oil Recovery and Residual
Oil Distribution. Figure 8.1 showed the captured images of original micromodel and
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fractured micromodel with fracture direction along flow direction after they saturated
with dyed decane which was colored part in the image.

Figure 8.1. Images of micromodels saturated with dyed decane and irreducible water

To analyze fracture existence and azimuth effect on oil recovery factor and
residual oil distribution, deionized water was used for ware flooding under controlled
injection pressure. Three models were used with channels in sub-micro-scale etching
depth of 500 nm and different patterns including original network pattern, fractured
pattern with fracture along flow direction and fractured pattern with fracture
perpendicular to flow direction. The water was first injected under 50 psi and after all
mobile decane was come out from outlet the injection pressure was raised to 100 psi.
Entire process during water injection was monitored using confocal-laser-microscope and
camera as shown in Figure 8.2. Note for all models, water was injected from bottom to
top.
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Figure 8.2. Fracture existence and azimuth effect on oil recovery and residual oil
distribution

Using image analysis software with detailed procedures introduced in previous
work of ours, oil recovery factors were generated. At injection pressure of 100 psi, the oil
recovery factors were 61.7%, 72.8 and 58.8% for original pattern, fractured pattern with
fracture along flow direction and fractured pattern with fracture perpendicular to flow
direction respectively. Note that for original network micromodel, more than half of the
decane were displaced by water which showed a better recovery factor because the
relatively homogeneous channels comparing to real reservoir rock. Some of the residual
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oil distributed in dead end and other residual oil distributed spreading the whole network
area especially in channels with direction perpendicular to flow direction. For model with
fracture along flow direction, more decane can be produced under same pressure,
especially from the area near the fracture. Residual oil distributed mostly in dead end
around the side of channels in sub-micro-scale away from the fracture. However, for
model with fracture perpendicular to flow direction, oil recovery factor turned to be less
than model without fracture and the residual oil randomly distributed spreading out the
whole network area as well as within the fracture. Different from original pattern without
fracture, the residual oil in channels in sub-micro-scale area of model with fracture
perpendicular to flow direction were more randomly spreading other than mostly existed
in channels in sub-micro-scale perpendicular to flow direction.
For micromodels with fracture along flow direction, comparison had been made
between channels in sub-micro-scale area with etching depth of 100 nm and 500 nm to
gain the results of fracture existence effect on different dimension of pore size of matrix.
The residual oil distribution after water flooding using fractured micromodel with
channels in sub-micro-scale area etching depth of 100 nm was shown in Figure 5.20.
After analysis and calculation, the oil recovery factor turned out to be 87.7% which was
much higher than that of original micromodel. However, the author thought this may not
be representative phenomenon due to the extremely weak signal strength of residual oil
that some might not be able to be captured. For residual oil distribution, noted that decane
at dead ends around the network area were relatively harder to be produced.
8.2.2. Surfactant Flooding and Etching Depth Effect on Oil Recovery and
Residual Oil Distribution. As mentioned above, 1% SDS was screened to be better
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option of surfactant treatment because of the smaller size and more stable distribution of
dispersed oil phase which made it easier for the emulsion to go through small pore
throats. After water flooding, 1% SDS solvent was injected into fractured models with
fracture direction along flow direction and with channels in sub-micro-scale etching
depth of 100 nm and 500 nm respectively. Injection pressure was also controlled to be
100 psi while the procedures were monitored by camera and the results shown in Figure
8.3. From software analysis and calculation, oil recovery factor of model with channels in
sub-micro-scale etching depth of 100 nm increased from 87.7% to 91.4% and oil
recovery factor of model with channels in sub-micro-scale etching depth of 500 nm
increased from 72.8% to 83.5%. Noted that clear emulsify process could be observed in
main channels of both models that the residual oil turned into dispersed oil drops. For
model with channels in sub-micro-scale etching depth of 100 nm, most residual oil at the
dead ends was moved during surfactant treatment. However, one interesting phenomenon
was observed that the fracture seemed to have more residual oil comparing to the fracture
that has almost no residual oil after water flooding before surfactant treatment. The
assumption to this phenomenon was that due to the small etching depth of the channels in
sub-micro-scale area to be 100 nm and the fracture to be 3 µm, the residual oil or
emulsion moved from channels in sub-micro-scale to the fracture cannot form a continues
phase when they transported through different intersections of channels in sub-microscale and fracture. The discontinuous of water and oil phase created many interfaces
which served as resistance force against the displacement. For model with channels in
sub-micro-scale etching depth of 500 nm, over 10% of residual oil was produced during
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surfactant treatment and the residual oil became lighter which meant the residual oil layer
was thinner.

Figure 8.3. Residual oil distribution before and after surfactant treatment for models with
channels in sub-micro-scale etching depth of 100 nm and 500 nm

Comparison of oil recovery factor and residual oil distribution between models
with original pattern, fractured model with fracture direction perpendicular to and along
flow direction were made shown in table 8.1. Oil recovery factor and residual oil
distribution were listed and summarized after waterflooding and 1% SDS surfactant
treatment.
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Table 8.1.Oil recovery factor and residual oil distribution between different models and
treatment
Fracture

Channels in
sub-microscale etching
depth

Recovery
factor
(oil)

Residual oil
distribution

61.7%

Channels in submicro-scale
perpendicular to
flow direction

58.8%

Within and around
fracture

72.8%

Dead ends away
from fracture

83.5%

Dead ends away
from fracture

Waterflooding

87.7%

Dead ends and
little within
fracture

Surfactant
flooding

91.4%

Within fracture as
discontinuous
dispersed phase

Treatment

None

Perpendicular
to flow
direction

Waterflooding
500nm

Surfactant
flooding
Along flow
direction

100nm

8.3. SUMMARY
From the experiments using fractured micromodels with different fracture
azimuth and etching depth, a comprehensive comparison between fracture existence and
azimuth as well as surfactant effect on oil recovery factor and residual oil distribution
was acquired.
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Fracture existence could serve different effect to oil recovery for different fracture
azimuth in which with fracture along flow direction, there would be less residual oil, on
the contrary, with fracture perpendicular to flow direction, recovery factor would be less.
Residual oil distribution was different with different fracture azimuth. Comparing to
original micromodels without fracture in which residual oil mainly resided in channels in
sub-micro-scale perpendicular to flow direction, micromodels with fractures showed
different displacement profile. For micromodels with fracture along flow direction,
residual oil was mainly spread in dead ends and area away from fracture which was to
say that fracture along flow direction could help the sweep efficiency around fracture. For
micromodels with fracture perpendicular to flow direction, residual oil mainly distributed
within and around fracture which led to a worse sweep efficiency.
1% SDS solvent was injected after waterflooding and the emulsify processes were
observed in main channels. A significantly increase in oil recovery factor was acquired
while residual oil distribution not changing much. In this case, an assumption was made
that surfactant solvent would emulsify the surface layer of molecules of residual oil so
that with certain flow velocity and shear process in contact of surfactant and residual oil
part of the residual oil turned to oil drop that dispersed within surfactant solvent and
produced.
For model with channels in sub-micro-scale etching depth of 100 nm, it was
observed that the fracture seemed to have more residual oil comparing to the fracture that
has almost no residual oil after water flooding before surfactant treatment. The
assumption to this phenomenon was that due to the small etching depth of the channels in
sub-micro-scale area to be 100 nm and the fracture to be 3 µm, the residual oil or
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emulsion moved from channels in sub-micro-scale to the fracture cannot form a continues
phase when they transported through different intersections of channels in sub-microscale and fracture. The discontinuous of water and oil phase created many interfaces
which served as resistance force against the displacement.
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9. CONCLUSION

Optical experiments were conducted using confocal-laser-microscope combined
with thin slice of rock sample, capillaries and micromodels. An optical experimental
system including fluid handling system, confocal-laser-microscopy system, camera,
computer and software was set-up for rock properties, chemical solvent morphology and
fluid flow characterization. Micromodels with different patterns were designed for
various purposes including micromodels with parallel channels, micromodels with
network channels and micromodels with fractures. In this work, following conclusions
were obtained:
• Due to natural fluorescence of different components of the rock sample, a threedimensional reconstruction of pore structures could be achieved. In which, CY5 can serve
as an excellent epoxy indicator which in this case the pore space indicator with the
resolution of as small as several micrometers. FITC and DAPI can be used as auxiliary
lasers to analyze pores and cement. Texas Red can serve as a great cement indicator
because of its low sensitivity of epoxy. Iron oxide which is a major component of tight
sandstone thin-section cannot be well determined by lasers but can be easily recognized
by optical or polarized microscope.
• For parallel linear fluidic chips, during the drainage process, liquid tends to be
piston-like flow under micro and sub-micro-scale, unlike fluid flow patterns in larger
scale such as pipelines and micro-tubes.
• During the imbibition process, a “fading-out” phenomenon was observed,
indicating the wetting phase formed an extra thin layer of water along the wall that would
break through before the interface disappeared.
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• Both residual-phase saturation and configuration affect the flow behaviours
under smaller scale.
• For network fluidic chips, large entrance pressures were observed even when
capillary force was positive for the fluid flow, indicating that for sub-micro-scale
channels or the transition zone between micro-scale and sub-micro-scale channels
complex friction resistance including molecular and electrostatic forces will dominate the
flow behaviours.
• Oil recovery factor using micromodels was higher than real reservoirs due to the
relatively homogenous structure and surface condition.
• Fracture existence could serve different effect to oil recovery for different
fracture azimuth in which with fracture along flow direction, there would be less residual
oil, on the contrary, with fracture perpendicular to flow direction, recovery factor would
be less.
• Residual oil distribution would be quite various according to the fracture
existence and azimuth.
• Surfactant used could emulsify the residual oil and improve recovery factor and
change the residual oil distribution from dead end to fracture.
• Channels in sub-micro-scale etching depth which represented matrix pore throat
size could affect the residual oil distribution especially for surfactant treatment.
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10. FUTURE DIRECTION

Visible experiments using transparent or semi-transparent micromodels have an
immense potential in future researches of petroleum engineering related problems. With
the fabrication methods introduced in this work, various materials and pattern design of
micromodels could be used for different purposes. Based on the studies in this
dissertation, future directions of optical researches using micromodels are listed:
• Flow pattern. With different etching depth from microns to nanometers, a
comprehensive flow pattern knowledge from conventional to unconventional reservoirs
could be summarized. Confocal system would be highly recommended in a larger etching
depth to avoid interferences caused by differential of displacement frontier in depth
dimension. A better resolution, finer than 200 nm if possible, of optical microscope as
well as a better fluorescent dye system would be needed for capturable signals in
micromodels with nano-scale dimensions.
• Wettability. With Atomic Layer Deposition (ALD), the surface wettability of
inner walls of the channels could be defined after micromodel fabrication. Flow behavior
with different wettability could be analyzed using identical micromodels.
•

Intersection. Optical experiments using micromodels will provide an ideal

method for studies on flow behavior at intersection of channels with same or different
sizes. With proper design that emphasizes the intersection of the flow path, micromodels
could be used to observe and build a flow model in intersections within sub-micron-scale
channels.
• EOR. Almost any of the EOR methods could be applied using micromodels
including surfactant flooding, polymer flooding, alkaline flooding, gas flooding, heat
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treatment, gel treatment, microbial treatment and nanoparticles. With proper fluorescent
dye, a better understanding will be gained on how injected materials will affect the flow
behavior and residual oil.
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